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Hon. Asst. Commissioner of Patents 
Washington DC 20231 

Dear Sir: 

This Brief is filed in response the final Office Action, mailed on April 12, 1999, 
and the Advisory Action, mailed on September 20, 1999, both regarding the above- 
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appellant's check be missing, the Commissioner is authorized to debit Arnold, White & 
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I. Status of the Claims 

Claims 1-25 were filed with the original application. Claims 26-145 have been 
added. Claims 15, 21-25, 78 and 79 were canceled in the first response, and claims 34, 
35, 71, 72, 106, 107, 135, 136, 140, 141, 144 and 145 were canceled in the second 
response; however, it appears that these claims have not been canceled due to non-entry 
of the amendment (see below). In an accompanying amendment, claims 33-35, 69-72, 
104-107, 133-136, 140, 141, 144 and 145 are canceled. Thus, claims 1-14, 16-20, 26-32, 
36-68, 73-77, 80-103, 108-132, 137-139, 142 and 143 remain pending and are appealed. 

II. Status of the Amendments 

Amendments, offered in response to the final Office Action, were not entered. 
Appellant is filing an amendment concurrent with this brief, requesting cancellation of 
claims 33-35, 69-72, 104-107, 133-136, 140, 141, 144 and 145, and requesting the 
introduction of minor amendments to various of the claims. 

III. Parties in Interest 

The real parties in interest are the assignee, The Board of Regents, University of 
Texas System, the exclusive licensee, Introgen Therapeutics, and its sublicensee, Rhone 
Poulenc Rorer. 

IV. Related Appeals and Interferences 

There are no related appeals or interferences. 
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V. Summary of the Invention 

The present invention deals with cancer gene therapy. More particularly, it 
addresses the use of adenoviral-p53 vectors for the treatment of various forms of cancer. 
Specification at page 3, lines 12-21. In a particular embodiment, the invention involves 
the use of a continuous perfusion protocol to treat a tumor site over a period of time. 
Specification at page 4, lines 8-11. In a second embodiment, the invention provides for 
treatment of microscopic residual disease, resulting from tumor resection. Specification 
at page 4, lines 2-4. In various dependent embodiments, the invention relates to 
treatment of both p5 3 -mutated and p5 3 -wild-type tumors. Specification at page 3, line 
24. 

VI. Issues on Appeal 

A. Are claims 33-35, 69-72, 104-107, 133-136, 140, 141, 144 and 145 
enabled? 

B. Are claims 1-14, 16-20, 26-37, 74-77, 80-108, 140 and 144 indefinite? 

C. Are claims 38-68, 73, 109-132 and 137 obvious over Liu et a/.-1994 
(Exhibit A) or Wills et al (Exhibit B), in view of Zhang et al (Exhibit C) 
or Bramwell (Exhibit D)? 

D. Are claims 1-14, 16-20, 26-32, 36-68, 73-77, 80-132 and 137-145 obvious 
over Cajot et al (Exhibit E), Katayose et al (Exhibit F) or Srivastava et 
al (Exhibit G), taken with Wills et al or Liu et al, in view of Zhang et al 
or Bramwell? 
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VII. Grouping of the Claims 

All of the pending claims will stand or fall separately and have been dealt with 
separately herein, in particular, Section IX. Civ 

VIII. Summary of the Argument 

1. The rejections under 35 U.S.C. §112, first and second paragraphs, have 
been addressed by the minor amendments set forth in the accompanying amendments, 
and through cancellation of certain of the claims. 

2. In connection with a first obviousness rejection, the examiner advances 
Lui-1994, Wills, Zhang and Brahmwell against claims that are directed to (a) post- 
operative treatment of microscopic residual disease (claims 38-68 and 73) and (b) 
continuous perfusion (claims 109-132 and 137). It is Appellant's position that none of 
the art in any way teaches or suggests the application of p53 gene therapy following 
surgical resection of a tumor as a means of treating microscopic residual disease. 

Microscopic Residual Disease. The Wills reference says nothing about surgery, 
and Liu, at best, teaches away from the invention by teaching that the tumor should not 
be removed prior to p53 administration. All that Zhang teaches is that "some day" 
surgery "might" be used in combination with gene therapy - a reference so vague that it 
teaches nothing. Indeed, a reasonable interpretation of Zhang, when viewed in 
combination with Liu, is that it teaches away from the invention by suggesting that the 
surgery be performed as simply a means of exposing the primary tumor for intratumoral 
injection. 
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Continuous Perfusion. Appellant submits that the term "continuous perfusion" is 
well defined in the specification. The Examiner is obligated to consider the terms used 
in the claims in a manner that is consistent with the definition given those terms in the 
specification - it is indeed black letter patent law that the patent practitioner is his or her 
own lexicographer. Given the definition given the term "continuous perfusion" in the 
specification, as well as the common and ordinary meaning of this term in the art, it can 
in no way be equated with a single bolus injection as suggested by the Examiner. As 
such, the claims to "continuous perfusion" clearly distinguish over a single bolus 
injection. 

3. In the second obviousness rejection, the Examiner rejects the "wild type 
p53 positive tumor therapy" claims (claims 1-14, 1 6-20, 26-32, 36-68, 73-77, 80-132 and 
137-145) as obvious over Cajot, Katayose, Srivastava, Wills, Liu, Zhang and Brahmwell. 
With respect to Cajot et al. 9 these studies are unrelated to the actual therapy of human 
tumors, and are indeed fatally flawed for reasons detailed in depth in the response to final 
(to which the examiner offered no rebuttal). Second, the Srivastava and Katayose 
references evidence confusion in the art regarding actual therapy in humans, and are not 
even prior art against the present application. Third, and perhaps most convincingly, at 
the time of filing, the prior art evinced a state of utter confusion with regard to p53 
treatment of p53-positive tumors. Again, the examiner has offered no counter- 
explanation of why any of this is not dispositive. From a factual standpoint, the rejection 
must fall. 
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IX. Argument 

A. REJECTION UNDER 35 U.S.C. §112, FIRST PARAGRAPH 

Claims 33-35, 69-72, 104-107, 133-136, 140, 141, 144 and 145 stand rejected as 
lacking enablement for combinations using any second gene other than p53. For claims 
33-35, 69-72, 104-107, 133-136, it is the examiner's position that the specification fails 
to teach which genes will augment the anti-tumor effect of p53. Claims 140, 141, 144 
and 145 are rejected as intravenous and oral administration are said to conflict with 
"direct" administration to a tumor. 

Appellant traverses the rejection on the grounds that a) all of the recited genes are 
recognized to be useful in gene therapy applications, and methods are known in the art 
for their use, and b) there is no requirement under §112, first paragraph, that a second 
gene augment the action of p53. Nevertheless, since broader claims will encompass the 
use of p53 in the presence or absence of second genes, appellant has canceled the rejected 
dependent claims in order to reduce the number of issues on appeal. Similarly, though 
traversing the rejection, appellant has canceled claims 140, 141, 144 and 145, thereby 
reducing the issues on appeaL 

B. REJECTION UNDER 35 U.S.C. §112, SECOND PARAGRAPH 
Claims 1-14, 16-20, 26-37, 74-77, 80-108, 140 and 144 are rejected as indefinite 

under the second paragraph of §112. According to the examiner, it is unclear how 
intravenous administration, recited in claims 140 and 144, can be "direct" administration 
to a solid tumor. No grounds of rejection are given for claims 1-14, 16-20, 26-37, 74-77 
and 80-108. 
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Appellant traverses the rejection of claims 140 and 144, but in an effort to reduce 
the number of issues on appeal, these claims have been canceled. Again, appellant 
reiterates that a response to the rejection of claims 1-14, 16-20, 26-37, 74-77 and 80-108 
is not possible without an explanation of the rejection. Should the examiner advance any 
reasons for rejection, appellant request that it be deemed a new ground of rejection, and 
treated as such on appeal. 

C REJECTIONS UNDER 35 U.S.C. §103 

i) Liu, Wills, Zhang and Brahmwell 

Claims 38-68, 73, 109-132 and 137 are rejected as obvious over Liu et a/.-1994 or 
Wills et al^ in view of Zhang et al or Brahmwell. Liu and Wills are said to teach in vivo 
delivery and expression of p53 in tumors using an adenoviral expression system. It is the 
examiner's position that, though the references fail to teach treatment of microscopic 
residual disease or continuous perfusion, one of skill in the art would have recognized the 
benefit from performing the particular therapies. Thus, it is argued that the claims are 
obvious over the cited references. Appellant traverses. 

(a) Tumor Resection Claims (38-68 and 73) 
Appellant points out that none of the references relied upon by the Examiner in 
any way teach or suggest the treatment of microscopic residual tumors. Indeed, the 
references in no way teach or suggest administering the p53 gene to a tumor bed revealed 
by resection of all or a portion of the tumor. The Liu reference appears to teach only the 
administration of the p53 gene in adenovirus to SCCHN cell lines, or directly to the 
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primary tumor grown in skin flaps of nude mice. The only surgery taught by Liu 
concerns reopening of surgical "flaps" under which the primary tumors are grown. In 
Liu, the tumor is not removed prior to administration of the adeno-p53 and there is no 
suggestion that it be removed prior to administration of the adeno-p53. 

The same can be said for Wills, which merely teaches the injection of adeno-p53 
at the site of growing tumors in nude mice. Wills teaches nothing about combination 
with surgical therapy and says nothing about the resection of tumor masses prior to gene 
therapy. 

If Appellant has misunderstood or overlooked some relevant teaching in either of 
these articles, the Examiner is requested to identify the teaching that is being relied upon. 

The secondary references also fail to provide a basis for a conclusion of 
obviousness. The Examiner argues that Zhang suggests treating microscopic residual 
disease. However, all that Zhang teaches, and all that is apparently relied upon from that 
reference, is that surgery may at some point in time be used in combination with gene 
therapy (col. 2, p. 505). Appellant has been unable to identify any teaching relevant to 
the treatment of microscopic disease. The passage relied upon by the Examiner is so 
vague that it is virtually irrelevant and could be taken to mean almost anything or in fact 
nothing. For example, Zhang's reference to surgery could be taken as suggesting the 
injection the p53 gene into the primary tumor mass followed by resection of that same 
tumor mass (as opposed to tumor resection prior to p53 therapy as required by the claim). 
Alternatively, Zhang could merely be suggesting that surgery is a useful way of actually 
exposing the tumor itself for injection of the p53 gene. Neither of the foregoing possible 
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interpretations of Zhang would in any way obviate the treatment of microscopic residual 
tumors after tumor resection. 

In fact, when taken in combination with Liu ? the logical conclusion is that surgery 
is to be used merely to reveal an existing tumor mass rather than as a means of treating 
the primary tumor, followed by gene therapy of any residual microscopic growth. The 
reason for this is that the only type of "surgery" actually performed by Liu related to 
simply revealing the tumor followed by adeno-p53 administration directly to the tumor 
itself (see Liu, page 3663, "After 4 days, the animals were re-anesthetized, and the flaps 
were re-elevated for delivery [of the adeno-p53 to the tumor].") Thus, the combination of 
Liu with Zhang would in no way suggest removal of the tumor followed by treatment of 
the remaining resection bed. 

More importantly, though, Zhang must be taken for its face value - and on its 
face, it says nothing about the treatment of microscopic residual disease. Zhang merely 
suggests that "someday" it may be possible to treat patients with combination gene 
therapy and surgery without providing any disclosure of details as to how this might 
"someday" be carried out. 

Lastly, Bramwell is not at all relevant in that Appellant has been unable to 
identify any suggestion of combination therapy with surgery. If Appellant is in error, the 
Examiner is requested to point out that passage being relied upon. Barring such an 
eventuality, Appellant submits that Bramwell in fact teaches away from combination with 
surgery, in that it conspicuously fails to suggest such a possibility. 

In conclusion, while it may be true that using surgery to enhance the therapeutic 
benefit of other therapies is known, this is a far cry from teaching or suggesting the 
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specific endeavor of treating, in post-operative fashion, microscopic residual disease that 
remains after tumor excision. In fact, Zhang does not teach treatment of microscopic 
residual disease, nor does it even allude to the problem of post-operative reoccurrence. 
Thus, it is submitted that the rejection is fatally defective in failing to provide a disclosure 
of an element of the claimed invention. 

(b) Perfusion Claims (109-132 and 137/ 
With regard to the "continuous perfusion" claims, Appellant respectfully traverses 
the Examiner's conclusion of obviousness. The Examiner appears to present two 
separate arguments in support of the rejection. First, the Examiner suggests that the 
phrase "continuous perfusion" could cover a single bolus injection. Secondly, the 
Examiner suggests, without support, that contacting the tumor with the virus for extended 
periods of time would be expected to be advantageous. 

Performing the same analysis on the references, it is evident that no teaching of 
continuous perfusion can be found. Rather than fill the gap by attributing such 
knowledge to the skilled artisan, as the examiner attempts for treatment of post-operative 
sites, here the examiner simply construes "continuous perfusion" as broad enough to 
encompass a single bolus injection. This is both self-serving and wrong. 

With respect to the definition of "continuous perfusion," Appellant directs the 
Examiner to page 33 of the specification. There, the following passage can be found: 

In certain embodiments, it may be desirable to provide a continuous 
supply of therapeutic composition to the patient. For intravenous or intraarterial 

1 Claims 56, 91, 112 and 120 address administration via "a catheter" and continuous perfusion for 1-2 
hours. Though these claims are not rejected here, appellant incorporates the arguments under this heading 
in their argument for separate patentability of these claims. 
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routes, this accomplished by drip system. For topical application, repeated 
application would be employed. For various approaches, delayed release 
formulations could be used that provided limited but constant amounts of 
therapeutic agent over [an] extended period of time. For internal application, 
continuous perfusion of the region of interest may be preferred. This could be 
accomplished by catheterization, post-operatively in some cases, followed by 
continuous administration of the therapeutic agent. The time period for perfusion 
would be selected by the clinician for the particular patient and situation, but 
times could range from about 1-2 hours, to 2-6 hours, to about 6-10 hours, to 
about 1 0-24 hours, to about 1 -2 days, to about 1 -2 weeks or longer. 

Page 33, lines 19-27. This passage clearly defines what "continuous" means. It speaks in 
terms of time periods, ranging upwards from about 1 hour. It speaks of drip systems, 
catheters, repeated topical applications, none of which can be twisted into support for the 
concept of a single injection. In short, this passage clearly refutes any possible 
interpretation of the claims to encompass single bolus injections. 

Regarding the Examiner's comment that it was "well known in the art ... that the 
longer the vector is in contact with the cell, the greater the transduction efficiency," 
Appellant respectfully requests that such art being relied upon be made of record so that 
Appellant might respond in a meaningful fashion. If the Examiner is instead relying 
upon personal knowledge, the Examiner is respectfully requested to appropriately make 
such personal knowledge of record. See MPEP §2144.03. 

It is respectfully submitted that the subject claims are now free of the prior art, 
and reconsideration is requested in light of the foregoing. Indeed, it is incumbent upon 
the examiner to come forward with specific reasons, based upon the prior art disclosures, 
as to why those of skill in the art would combine the cited references to arrive at the 
present invention at the time of the invention. As discussed in the recent case of In re 
Dembiczak, Slip. Op. 98-1498 (April 28, 1999), strict adherence to this methodology will 
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prevent "fall[ing] victim to the insidious effect of a hindsight syndrome wherein that 
which only the inventor taught is used against its teacher." Id. at p. 7, citing W.L. Gore & 
Assoc., Inc. v. Garlock, Inc., 220 USPQ 303, 313 (Fed. Cir. 1983). To the contrary, the 
examiner here has viewed the present invention first, and then assembled odd references 
which allegedly (though incompletely) disclose elements of the present invention. In so 
doing, the examiner has committed just the error warned against by Dembiczak, Gore and 
a host of other cases, namely, using hindsight as a foundation for the rejection. 
Interconnect Planning Corp. v. Feil, 227 USPQ 543, 547 (Fed. Cir. 1985) ("The 
invention must be view not with the blueprint drawn by the inventor, but in the state of 
the art that existed at the time."). 

In both of the preceding rejections, the Examiner has simply asserted that the 
claimed invention is obvious. To the extent that the cited art can be said to disclose 
elements of the present invention, there has been no effort to establish that the references 
posit their own combination. However, a long line of cases establishes that the references 
must provide some basis for their use in conjunction with each other. "Broad conclusory 
statements regarding the teaching of multiple references, standing alone, are not 
'evidence.'" Dembiczak at p. 9. Rather, the PTO "must identify specifically ... the 
reasons one of ordinary skill in the art would have been motivated to select the references 
and combine them." In re Rouffet, 47 USPQ2d, 1453, 1459 (Fed. Cir. 1998). 

ii) Cajot, Katayose, Srivastava, Wills, Liu, Zhang and Brahmwell 

Claims 1-14, 16-20, 26-32, 36-68, 73-77, 80-132 and 137-145 are next rejected 
under 35 U.S.C. §103 as obvious over Cajot, Katayose, or Srivastava, taken with Wills, 
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Liu, Zhang or Brahmwell. The primary references are said to teach that provision of p53 
to p53-positive tumor cells results in inhibition of tumor cell growth. The secondary 
references are cited for various aspect of gene therapy. Together, the examiner indicates 
that these references obviate the treatment of p53-positive tumors in vivo. Appellant 
respectfully traverses. 

Ignoring for the moment the issue of whether the secondary references support 
gene therapy generally, Appellant respectfully submits that the primary references do not, 
in fact, suggest to one of skill in the art the treatment of p53-positive tumor cells using 
p53 expression constructs. This is true for at least three reasons. First, as evidenced by 
the references themselves, there was a considerable difference of opinion in the field as to 
whether p53-positive cells were susceptible to treatment. Second, there also was some 
indication that in vitro studies, at least with respect to treatment of p53-positive tumors, 
were not predictive of in vivo efficacy. And third, at least one of the studies was 
fundamentally flawed, from a scientific standpoint, thereby reducing its probative value 
to a nullity. In light of these consideration, it is respectfully submitted, as explained in 
detail below, that no valid prima facie case could exist against the rejected claims. 

(a) Katayose and Srivastava Evidence Confusion in the Field 

As will be explained, Katayose and Srivastava fall far short of an endorsement of 
treating p53-positive tumors with a p53 expression construct. In fact, a more accurate 
portrayal of these teachings would be that there was considerable confusion in the field as 
to whether a p5 3 positive tumor in an actual human patient (as opposed to in vitro or in 
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a nude mouse) could be successfully treated. Indeed, this confusion can be seen as 
teaching away from treating a p5 3 -positive tumor with additional exogenous p53. 

- Katayose 

Turning first to Katayose, this study employed adeno-p53 constructs to examine 
the susceptibility of various tumor cell lines (p53 null, p53 mutant, p53 positive) to p53 
gene therapy. As abstracted, the results indicated that "tumor cells that were null for p53 
prior to infection ... and tumor cells that expressed mutant endogenous p53 protein ... 
were more sensitive to AdWTp53 cytotoxicity than cells that contained the wild-type p53 
...." This rather non-committal statement is clarified by the last line of the introduction 
which states that "these studies indicated that an adenovirus vector expressing wild-type 
p53 is markedly cytotoxic to tumor cells that have null or mutant p53 expression ..." 
(emphasis added). No mention is made of p53-positive cells. In addition, the last line of 
the abstract summarizes the authors conclusions: "These data suggest that endogenous 
p53 status is a determinant of AdWTp53-mediated cell killing of human tumors." The 
clear inference is that only p53 null or p53 mutant tumor cells are killed by AdWTp53, 
not tumor cells that are WTp53. 

Katayose indeed actually teaches away from treating p53-positve tumor cells with 
p53 expression vector. In the Discussion on page 896, first column, second paragraph, it 
is stated that "There are several possible mechanisms by which high expression of wild- 
type p53 results in apoptosis in tumor cells devoid of p53 or expressing mutant p53, but 
not in tumor or normal cells expressing wild-type p53". Thus, Katayose is itself stating 
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quite clearly that expression of wild-type p53 would not be expected to effect apoptosis 
in a tumor which expresses wild-type p53. 

The following additional comments also illuminate what the skilled artisan would 
take away from Katayose. "As shown in Fig. 3, A and B, infection of H-358 and MDA- 
MB-231 [p53 null and mutant, respectively] cells with AdWTp53 completely inhibited 
cell growth .... In contrast, MCF-7 cells [p53 positive] continued to proliferate although 
at a slower rate than control cells ..." Page 892, right hand column. "It appears that 
cells that express wild-type p53 were 5-250 times more resistant to the AdWTp53- 
mediated inhibitory effect on cell growth when compared with cells expressing no p53 or 
mutant p53" Page 893, right hand column. "These results indicate that tumor cells null 
for p53 or expressing an endogenous mutant p53 undergo apoptosis following exposure 
to AdWTp53, whereas tumor cells or normal cells expressing wild-type p53 are resistant 
to apoptosis." Page 895, right hand column. "... [0]verexpression of wild-type p53 
induced programmed cells death (apoptosis) of tumor cells devoid of wild-type p53 or 
expressing endogenous mutant p53, but not in tumor or normal cells expressing wild-type 
p53." Page 896, left hand column. These passages clearly indicate that the Katayose 
reference cannot be read as providing sufficient motivation for treating p53-positive 
cells. To the contrary, the reference suggests the opposite, that p53-positive cells are 
far less susceptible to such treatments. 

Srivastava 

Srivastava also provides an insufficient basis for suggesting that one should 
clinically treat p53-positive cells with a p53 expression construct. In fact, the justification 


A; 23I569(4Y_HOI!.DOC) 


15 


of growth inhibitory effects by a hypothetical mutation in LNCaP p53 is demonstrative of 
the prior art teaching the opposite of that alleged by the Examiner. While the abstract 
states that "AdWTp53 vector exhibited a potent inhibitory effect on the growth of all 
[six] of human metastatic prostate cancer cells the ensuing discussion paints a much 
muddier picture. For example, the authors state that: 

Since several previous studies did not observe cell growth inhibitory effects of 
exogenous p53 in tumor cells that already contained endogenous wt p53, 24 2:> the 
inhibitory effects of AdWTp53 on LNCaP cells containing endogenous wt p53 
was unexpected. However, in agreement with the previous observations, 18 we 
also did not detect a growth inhibitory effect of AdWTp53 on breast cancer cells, 
MCF7 containing endogenous wt p53 (data not shown). 

Page 845, right hand column. * 

However, a later statement makes it clear that Srivastava believes that there must 
be another p53 function that is being supplied by the exogenous wt p53 in these cells: 
"However, it is possible that some as yet unknown function of p53 is defective in LNCaP 
cells..." see page 847, second column. This suggests that one skilled in the art was 
directed away from the idea of clinically treating p53 positive cells with a p53 expression 
construct. Otherwise, the results in LNCaP cells would not need the justification 
afforded by this statement. Thus, reading Srivastava, one of skill in the art would not be 
led to treat p53-positive cells with p53 gene therapy with any likelihood of success. 

Taken together, Srivastava and Katayose present a very unclear view of whether 
the p53 status of a tumor cell is important in determining whether or not p53 gene therapy 
will be successful. In fact, a more likely interpretation, based on the data, is that p53- 
positive tumors are much less likely to respond to such therapy, and if they do respond, 
they do so far less than do other tumors. 
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(b) Extrapolating from In Vitro to In Vivo is Problematic at 
Best 

According to the examiner, it would have been obvious, looking at the alleged 
p53-positive cell inhibition "successes" of Katayose, Srivastava and Cajot, to then move 
into the clinical realm according to the teachings of the secondary references. However, 
as the PTO is quick to tell appellant, extrapolation from in vitro data to in vivo efficacy is, 
at best, problematic. That position is, apparently, even true in this particular instance. 

In Srivastava, it is noted that "[a] recent study has described an intriguing result in 
which an adenovirus-p53 expression vector did not inhibit the in vitro growth of a 
metastatic variant of LNCaP cells; however, the growth of these cells was inhibited in 
vivo. 31 This is evidence that there is at least some level of difficulty in predicting, at least 
in the context of treating p53-positive cells, whether in vitro results will hold in an in vivo 
environment. Additionally, the in vitro results referenced were contradictory to the data 
presented in Srivastava leaving doubt as to the success of in vivo p53 treatment of LNCap 
cells. Further evidence for the lack of a reasonable expectation of success is the fact that 
the investigators did in fact not report the treatment of LNCaP tumors in an in vivo mouse 
model, as implied in the final sentence on page 847 second column. As such, it is 
apparent that the examiner's straightforward extrapolation not only is not merited, but it 
is not supported by the evidence of record. 

(c) Srivastava and Katayose Are Not Prior Art 

In the previous response, appellant argued that Srivastava and Katayose were 
effectively removed as prior art by virtue of a) the January 1995 publications by Clayman 
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et al and Liu et a/.-1995, taken with b) appellant's previously filed declaration from Dr. 
Clayman (Exhibit H). According to the examiner, this declaration was a "Katz" type 
declaration and, hence, insufficient to antedate either of the references. Appellant 
respectfully traverses. 

The prior Clayman declaration was submitted to identify the source of the 
"inventive" subject matter in the Clayman et al and Liu et al A995 papers. From that 
declaration, it is clear that Dr. Clayman, the present inventor, was the source of that 
subject matter. Moreover, the publication of the subject matter of Clayman et al and Liu 
et a/. -1995 in January of 1995 indicates that, at the very least, this subject matter was in 
the hands of the present inventor prior to the publication of either Katayose or Srivastava. 

In the interest of advancing the prosecution, however, Appellant provides a 
second declaration, also from Dr. Clayman (Exhibit I), which indicates that he had in his 
possession at least that much of the invention as did the references prior to their 
publication. In re Stempel, 113 USPQ 77 (CCPA 1957). As such, appellant again 
respectfully submits that Srivastava and Katayose are not prior art against the present 
application. On this ground alone, the rejection should be withdrawn. 

(d) The Prior Art Teaches A way/Failure of Others 

There are a number of additional references that must be considered as teaching 
away from a conclusion of obviousness, and indeed further evidence the confusion in this 
field. These include the references of Baker et al (Science, 249:912, 1990, Exhibit J) and 
Casey et al (Oncogene, 6:1791, 1991, Exhibit K). Each of these references demonstrates 
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those in vitro attempts to achieve suppression of the neoplastic phenotype in p5 3 -positive 
tumors failed to demonstrate suppression. 

The examiner must consider the entirety of the prior art when assessing the 
obviousness issue, including evidence of failure of others and teaching away. The Baker 
and Casey references demonstrate failure in in vitro studies using p53 to suppress the 
growth of p53-positive cells. Such teachings must be taken as teaching away from 
pursuing the clinical application of p53 therapy in humans having wt p53 tumors. 
Furthermore, when these studies are further taken into consideration with the observation 
that in vitro results with p53 do not necessarily correlate with in vivo observations, the 
only reasonable conclusion is that there is no predictable success in the clinical 
application of p53 gene for the treatment of tumors expressing wild type p53. 

(e) The Cajot Studies are Fatally Flawed 

Despite what Cajot may or may not say, Appellant submits that the previously 
discussed confusion in the art regarding p53-positive cells and their treatment with p53 
gene therapy is more than sufficient to rob the examiner's alleged prima facie case of the 
requisite likelihood of success. However, the Cajot paper suffers from an additional 
defect that should be noted on the record. It is submitted, respectfully, that this defect 
precludes reliance on Cajot for the simple reason that its results are invalid. 

In order to understand more fully the problems with Cajot, it is first necessary to 
explain their studies in some detail. Human lung cancer cells in culture were transfected 
with vectors containing either wild-type or mutant p53 under the control of the CMV 
promoter and the neomycin resistance gene under the control of the SV40 promoter. 
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Cells were subjected to geneticin selection for 3-4 weeks. Thus, stable transformants 
were selected. The authors concluded that, because few colonies were observed with 
wild-type p53 expressing clones, there was an inhibitory effect on tumor cell growth by 
the p53 expressed in these cells. 

What Cajot did not account for was the potent down-regulation of the SV40 
promoter by p53. Subler et al (1992); Jackson et al (1993); Perrem et al (1995) 
(Exhibits L, M and N). Of particular interest is the Subler et al report, which also 
indicates the a mutation in p53 at position 143, which is the same as Cajot mutant p53, 
did not show this inhibitory effect. 

Looking at the Cajot data, what does this all mean? Well, for one, the difference 
in the transfection efficiencies seen between wild-type and mutant p53 can be explained 
by the fact that wild-type p53 shuts down the SV40, eliminating neomycin expression, 
and thereby eliminating cells because of geneticin toxicity, not became of tumor 
inhibition. The skilled artisan, being aware of both Subler et al and Cajot, would 
therefore have dismissed Cajot' s observations as invalid. 

Even Cajot bears out the notion that the remaining tumor clones survived because 
the p53 gene being expressed became mutated, thereby avoiding the SV40 down- 
regulation of neomycin: "In contrast, no normal-size transcript characteristic of 
exogenous p53 was detected in any of the wild-type p53 clones analyzed." Page 6957, 
right hand column. Further, they state that "[n]o increase in the expression level of this 
M r 53,000 band was observed in the wild-type p53 clones, which correlates with the 
absence of normal-size exogenous transcript detected by Northern analysis." Page 6957, 
right hand column. Also, in Fig. 3, it should be noted that the tumor i genie ity studies 
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were conducted with a clone that admittedly does not express a wild-type p53 product, as 
the transcript is larger than normal (1.8 kB), and the protein is smaller (45 kD), than true 
wild-type p53. Thus, based on a singular experiment using an admittedly mutant p53, 
there is no valid conclusion that can be drawn from the study regarding the effect of wild- 
type p53 on tumorigenicity in p53-positive tumor cells. 

(f) Current Clinical Data Supports the Present Claims 

The current clinical data supports a conclusion of surprising and unexpected 
results in the context of the clinical application of the present invention. The clinical data 
further provides support for the conclusion that when applied in a clinical context, the 
invention is applicable in the treatment of wt p53 expressing tumors virtually to the same 
degree as in the context of non-wt p53 expressing tumors. This is most surely a 
surprising and unexpected result. 

In the Phase I study reported in Clayman et aL, J. Clin. Oncol. 16:221-2232 
(1998) (Exhibit O), thirty-three patients with recurrent head & neck cancer were treated 
with intratumoral injections of Ad-p53. The treatment regimen consisted of at least one 
course of Ad-p53 (three times a week for two weeks). Of these, eighteen patients had 
non-resectable tumors (and received multiple treatment courses with two week rest 
between courses; continuing until disease progression or withdrawal of consent), 
permitting post-treatment assessment of tumor progression. Of these eighteen, twelve 
were p53+ by sequencing of tumor cell DNA. Of these twelve, two patients had greater 
than 50% tumor regression, four had stable disease, five had progressive disease, and in 
one the outcome of treatment could not be evaluated. By comparison, of the remaining 
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six non-resectable patients, one was non-e valuable for p53 status. Of the five patients 
with mutated p53 genes, four exhibited progressive disease while two exhibited stable 
disease. Of the 33 patients entered in the study, the remaining 15 underwent complete 
resection of their tumor three days after a single course of treatment, and could not be 
rigorously assessed for clinical response. 

Similarly, phase II Clinical data has recently become available for the treatment 
of head & neck cancer using Ad-p53. As discussed in the accompanying declaration of 
Dr. James A. Merritt (Exhibit P), tumors of various p53 status (as determined by 
sequencing of exons 1-10) have been treated with Ad-p53. These Phase I and II clinical 
data demonstrate that p53+ tumors were susceptible to treatment by Ad-p53. A summary 
of the data are show below: 

SUMMARY OF PHASE II CLINICAL DATA BY p53 STATUS 

p53 status* CR PR SD PD 


p53+ 0 2 6 21 

p53- 0 1 6 27 


* - as determined by sequencing of exons 1-10 

CR - complete response; PR - partial response; SD - stable disease; PD - progressive disease 

Scoring a complete response as 3, a partial response as 2, stable disease as 1, and 
progressive disease as 0, patients with p53-positive tumors had an efficacy rating of 0.42, 
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as compared to 0.29 for those having p53- tumors. Using this analysis, Ad-p53 was even 
more effective at treating p53+ tumors than p53- tumors. 

This result could not have been predicted from the cited art. Thus, it again is 
respectfully submitted that those of skill in the art would not have found the present 
invention obvious 

iii) Obviousness Requires Both a Teaching and a Suggestion In the 
Art 

As set out above, the examiner has advanced rejections of claims drawn to post- 
operative treatment of residual disease and continuous perfusion without any clear 
indication, in the cited art, that the skilled artisan should make these modifications. It is 
Appellant's position, therefore, that the examiner has failed to set forth a prima facie case 
of obviousness. 

The Federal Circuit has held that a reference or references must provide, in order 
to support an obviousness rejection, a) detailed enabling methodology for practicing the 
claimed invention, b) a suggestion for modifying the claimed invention, and c) evidence 
suggesting that the invention would be successful if made. In re O'Farrell, 7 USPQ2d 
1673 (Fed. Cir. 1988). 

What is explicit (though often overlooked) in this statement is that the examiner 
must find these three elements in the cited art, not in appellant's disclosure. In re Soli, 
137 USPQ 797 (CCPA 1963) ("When, as in the instant case, the Patent Office finds, in 
the words of 35 USC §103, 'differences between the subject matter sought to be patented 
and the prior art,' it may not, without some basis in logic or scientific principle, merely 
alleged that such differences are either obvious or of no patentable significance and 
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thereby force an [applicant] to prove conclusively that it is wrong.") 137 USPQ at 801. 

Here, the examiner has not been able to point to any disclosure in the cited 
references that suggest modification of the art to arrive at the claimed invention. As 
such, the rejection appears based on hindsight, not any teachings in the cited references. 
This, however, is forbidden under an obviousness analysis by the relevant case law. In re 
Carroll, 202 USPQ 571 (CCPA 1979) ("One of the more difficult aspects of resolving 
questions of non-obviousness is the necessity 'to guard against slipping into the use of 
hindsight/"), citing Graham v. John Deere Co., 148 USPQ 459 (U.S. Sup. Ct. 1965). 

iv) The Non-Obviousness of Specific Claims 

The arguments set forth above is intended to go the non-obviousness of all of the 
pending claims. Appellant would now address the additional non-obviousness 
considerations presented by the various dependant claims, which do not stand or fall 
together. Appellant will consider the non-obviousness of each dependant claim that is 
being argued as separately patentable as required by the rules. 

Claims 2,39, 76 and 111 

Claims 2, 39 and 76 are directed to inhibiting the growth of a carcinoma, glioma, 
sarcoma or melanoma. These tumor types are submitted to be even further removed from 
the cells of the Cajot reference, which dealt with lung cancer cell lines growing in 
culture. As discussed above, Cajot is believed to the only prior art reference considered 
which in any way concerned p53-positive cells, albeit lung cancer cells in vitro and not 
an actual tumor in a human patient. It is respectfully submitted that a teaching with 
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respect to lung cancer cell lines is in no way predictive of treatment of a "solid tumor" 
comprised of actual carcinoma, glioma, sarcoma or melanoma tumors in a patient. 

Claims 10 and 121 

Claims 10 and 121 are further removed from Cajot as well, in light of the fact that 
the only animal studies set forth in Cajot are studies involving nude mice. The PTO has 
consistently taken the position that studies in nude mice, which have no immune system, 
are inherently unreliable as a predictor of efficacy and utility in humans. Thus, a claim 
specifically to humans - which are supported by actual human studies - must be accepted 
as surprising and unexpected vis-a-vis prior art relating only to nude mice. 

Claim 12 

Claim 12 is directed to at least two administrations of the p53 therapeutic agent to 
a subject having a p53-positive tumor, followed by tumor resection, and followed by an 
additional administration, of the p53 therapeutic agent. There is simply no prior art that in 
any way addresses this claim, and certainly no prima facie case has even been attempted 
with respect to this claim. 

Claim 17 

Claim 17 is directed to continuous perfusion of a natural or artificial body cavity. 
This is a very particular mode of delivery, and addresses the issue of both tumor type (in 
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a natural body cavity) and post-resection treatment (artificial body cavity). The prior art 
is totally silent on this aspect of the invention. 

Claims 28, 29, 31, 61, 62, 63, 65, 67, 96, 100, 102, 125, 126, 127, 128, 129 and 
131 

Claim 28, 29, 31, 61, 62, 63, 65, 67, 96, 100, 102, 125, 126, 127, 128, 129 and 
131 all claim various aspect of combination therapies with DNA damaging agents, 
including both radio- and chemotherapies, administration of the DNA damaging agent 
before, after, or before and after resection. The cited art does not address the use of DNA 
damaging agents, much less their combination with tumor resection, treatment of 
microscopic residual disease, or treatment of p53-positive cancers. 
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X. Conclusion 

In light of the preceding, appellant respectfully submits that all of the remaining 
claims are enabled, definite and non-obvious. Therefore, it is respectfully requested that 
the Board reverse all grounds for rejection. 


Date: 



ARNOLD WHITE & DURKEE 
P.O. Box 4433 
Houston TX 
512-418-3000 
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APPENDIX 1: PENDING CLAIMS 


(Three times amended) A method of inhibiting growth of a p5 3 -positive tumor 
cell in a [mammlian] mammalian subject with a solid tumor comprising the steps 
of: 

(a) providing a viral expression construct comprising a promoter functional in 
eukaryotic cells and a polynucleotide encoding a functional p53 
polypeptide, wherein said polynucleotide is positioned sense to and under 
the control of said promoter; and 

(b) directly administering said viral expression construct to said tumor in vivo, 
the administration resulting in expression of said functional p53 
polypeptide in cells of said tumor and inhibition of tumor cell growth, 

wherein said tumor comprises cells that express a functional p53 polypeptide. 

The method of claim 1, wherein said tumor is selected from the group consisting 
of a carcinoma, a glioma, a sarcoma, and a melanoma. 

3 . The method of claim 1 , wherein said tumor cell is malignant. 

4. The method of claim 1 , wherein said tumor cell is benign. 

5. The method of claim 1, wherein said tumor is a tumor of the lung, skin, prostate, 
liver, testes, bone, brain, colon, pancreas, head and neck, stomach, ovary, breast 
or bladder. 

6. The method of claim 1, wherein said viral expression construct is selected from 
the group consisting of a retroviral vector, an adenoviral vector and an adeno- 
associated viral vector. 

7. The method of claim 6, wherein said viral vector is a replication-deficient adenoviral 
vector. 

8. The method of claim 7, wherein said replication-deficient adenoviral vector is 
lacking at least a portion of the El -region. 

The method of claim 8, wherein said promoter is a CMV IE promoter. 

Le method of claim 1 , wherein said subject is a human. 

The method of claim 7, wherein the expression vector is administered to said tumor 
at least a second time. 
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The method of claim 1 1, wherein said tumor is resected following at least a second 
administration, and an additional administration is effected subsequent to said 
resection. 


13. The method of claim 1, wherein said expression vector is administered in a volume 
of about 3 ml. to about 10 ml. 

14. (Amended) The method of claim 11, wherein the amount of adenovirus 
[administered] in each [contacting] administration is between about 1 0 7 and 10 12 pfu. 

1 6. The method of claim 1 , wherein the expression construct is injected into a natural or 
artificial body cavity. 

17. J The method of claim 16, wherein said injection comprises continuous perfusion of 
/ said natural or artificial body cavity. 

18. The method of claim 16, wherein said contacting is via injection into an artificial 
body cavity resulting from tumor excision. 

19. The method of claim 1, wherein the p55-encoding polynucleotide is tagged so that 
expression of p53 from said expression vector can be detected. 

20. The method of claim 1 9, wherein the tag is a continuous epitope. 

26. The method of claim 1, wherein said tumor is contacted with said expression 
construct at least twice. 


27. The method of claim 26, wherein said multiple injections comprise about 0.1-0.5 ml 
volumes spaced about 1 cm apart. 

The method of claim 1, further comprising contacting said tumor with a DNA 
^damaging agent. 

he method of claim 28, wherein said DNA damaging agent is a radiotherapeutic 
ejgent. 

he method of claim 29, wherein said radiotherapeutic agent is selected from the 
group consisting of y-irradiation, x-irradiation, uv-irradiation and microwaves. 

31. The method of claim 28, wherein said DNA damaging agent is a chemotherapeutic 
agent. 

32. The method of claim 31, wherein said chemotherapeutic agent is selected from the 
group consisting of adriamycin, 5-fluorouracil, etoposide, camptothecin, 
actinomycin-D, mitomycin C, verapamil, doxorubicin, podophyllotoxin and 
cisplatin. 
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33. (Canceled) The method of claim 1, further comprising contacting said tumor with a 
cytokine. 

34. (Canceled) The method of claim 1, further comprising contacting said tumor with a 
second therapeutic gene other than a gene encoding a p53 polypeptide. 

35. (Canceled) The method of claim 34, wherein said second therapeutic gene is 
selected from the group consisting of a Dp gene, p21, pi 6, p27, E2F, Rb, APC, DC, 
NF- 1 , NF-2, WT- 1 , MEN-I, MEN-II, BRC A 1 , VHL, FCC, MCC, ras 9 myc, neu, rqf 9 
erb, src.fmsjun, trk, ret, gsp, hst, bcl, abl, Bax, Bcl-X s and El A. 

36. The method of claim 1, wherein said tumor is located into a body cavity selected 
from the group consisting of the mouth, pharynx, esophagus, larynx, trachea, pleural 
cavity, peritoneal cavity, bladder interior and colon lumen. 

37. The method of claim 11, wherein said tumor is contacted with said expression 
construct at least six times within a two week treatment regimen. 

38. A method for inhibiting microscopic residual tumor cell growth in a mammalian 
subject comprising the steps of: 

(a) identifying a mammalian subject having a resectable tumor: 

(b) resecting said tumor; and 

(c) administering to a tumor bed revealed by resection a viral expression 
construct comprising a promoter functional in eukaryotic cells and a 
polynucleotide encoding a functional p53 polypeptide, wherein said 
polynucleotide is positioned sense to and under the control of said 
promoter, the administration resulting in expression of said functional p53 
polypeptide in said tumor cells and inhibition of their growth. 

39. The method of claim 38, wherein said resectable tumor is a squamous cell 
carcinoma. 

40. The method of claim 38, wherein the endogenous p53 of said resectable tumor is 
mutated. 

41. The method of claim 38, wherein the endogenous p53 of said resectable tumor is 
wild-type. 

42. The method of claim 38, wherein said tumor is a tumor of the lung, skin, prostate, 
liver, testes, bone, brain, colon, pancreas, head and neck, stomach, ovary, breast 
or bladder. 
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43. The method of claim 38, wherein said viral expression construct is selected from 
the group consisting of a retroviral vector, an adenoviral vector and an adeno- 
associated viral vector. 

44. The method of claim 43, wherein said adenoviral vector is a replication-deficient 
adenoviral vector. 

45. The method of claim 44, wherein said replication-deficient adenoviral vector is 
lacking at least a portion of the E 1 -region. 

46. The method of claim 38, wherein said promoter is a CMV IE promoter. 

47. The method of claim 38, wherein the resulting tumor bed is contacted with said 
expression construct at least twice. 

48. The method of claim 38, wherein said expression construct is contacted with said 
tumor bed prior to closing of the incision. 

49. The method of claim 44, wherein said the tumor bed is contacted with from about 
1 0 6 to about 1 0 9 infectious adenoviral particles. 

50. The method of claim 47, further comprising contacting said tumor with said 
expression construct prior to resecting said tumor. 

51. The method of claim 50, wherein said tumor is injected with said expression 
construct. 

52. The method of claim 51 , wherein said tumor is injected with about 10 6 to about 10 9 
infectious adenoviral particles. 

53. The method of claim 51, wherein said tumor is injected with a total of about 1 ml to 
about 10 ml. 

54. The method of claim 5 1 , wherein said tumor is injected at least twice. 

55. The method of claim 54, wherein each of said injections comprise about 0.1 ml to 
about 0.5 ml volumes spaced about 1 cm apart. 

56. The method of claim 38, wherein the resulting tumor bed is contacted with said 
expression construct through a catheter. 

57. The method of claim 54, wherein said contacting comprises about 10 6 to about 10 9 
infectious adenoviral particles. 

58. The method of claim 54, wherein said expression construct is contacted with said 
tumor in total of about 3 ml to about 1 0 ml. 
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59. The method of claim 38, wherein the p53 polynucleotide is tagged so that expression 
of a p53 polypeptide can be detected. 

60. The method of claim 59, wherein the tag is a continuous epitope. 

61. The method of claim 38, further comprising contacting said tumor with a DNA 
damaging agent. 

62. The method of claim 61, wherein said DNA damaging agent is contacted before 
resection. 

63. The method of claim 61, wherein said DNA damaging agent is contacted after 
resection. 

64. (Amended) The method of claim 61, wherein said DNA damaging agent is 
contacted [contacting] before and after resection. 

65. The method of claim 61, wherein said DNA damaging agent is a radiotherapeutic 
agent. 

66. The method of claim 65, wherein said radiotherapeutic agent is selected from the 
group consisting of y-irradiation,x-irradiation, uv-irradiationand microwaves. 

67. The method of claim 6 1 , wherein said DNA damaging agent is a chemotherapeutic 
agent. 

68. The method of claim 67, wherein said chemotherapeutic agent is selected from the 
group consisting of adriamycin, 5-fluorouracil,etoposide, camptothecin, 
actinomycin-D, mitomycin C, verapamil, doxorubicin, podophyllotoxinand 
cisplatin. 

69. (Canceled) The method of claim 38, further comprising contacting said tumor with a 
cytokine. 

70. (Canceled) The method of claim 69, wherein said cytokine is selected from the 
group consisting of IL-la, IL-1 p, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL- 
10, IL-1 1, IL-12, IL-13, TGF-p, GM-CSF, M-CSF, TNFa, TNFp, LAF, TCGF, 
BCGF, TRF, BAF, BDG, MP, LIF, OSM, TMF, PDGF, IFN-a, IFN-p and IFN-y. 

7 1 . (Canceled) The method of claim 38, further comprising contacting said tumor with a 
second therapeutic gene other than a gene encoding a p53 polypeptide. 

72. (Canceled) The method of claim 7 1 , wherein said second therapeutic gene is 
selected from the group consisting of a Dp gene, p2 1 , pi 6, p27, E2F, Rb, APC, DC, 


A: 23I569(4Y_H01!.DOC> 


32 


NF-1 , NF-2, WT- 1 , MEN-I, MEN-II, BRCA1, VHL, FCC, MCC, ras, myc, neu, rof 7 
erb, srcfinsjun, trk, ret, gsp, hst, bcl, abl, Bax, Bcl-X s and El A. 


73. The method of claim 38, wherein said tumor is located into a body cavity selected 
from the group consisting of the mouth, pharynx, esophagus, larynx, trachea, pleural 
cavity, peritoneal cavity, bladder interior and colon lumen. 

74. A method for inhibiting growth of a p53-positive tumor cell in a mammalian 
subject having a solid tumor comprising the steps of: 

(a) surgically revealing said tumor; and 

(b) directly administering to said tumor a viral expression construct 
comprising a promoter functional in eukaryotic cells and a polynucleotide 
encoding a functional p53 polypeptide, wherein said polynucleotide is 
positioned sense to and under the control of said promoter, the 
administration resulting in expression of said functional p53 polypeptide 
in said tumor cells and inhibition of their growth. 

75. The method of claim 74, wherein said tumor is malignant. 

76. The method of claim 74, wherein said tumor is a squamous cell carcinoma. 

77. The method of claim 74, wherein said tumor is benign. 

80. The method of claim 74, wherein said tumor is a tumor of the lung, skin, prostate, 
liver, testes, bone, brain, colon, pancreas, head and neck, stomach, ovary, breast 
or bladder. 

81. The method of claim 74, wherein said viral expression construct is selected from 
the group consisting of a retroviral vector, an adenoviral vector and an adeno- 
associated viral vector. 

82. The method of claim 81, wherein said adenoviral vector is a replication-deficient 
adenoviral vector. 

83. The method of claim 82, wherein said replication-deficient adenoviral vector is 
lacking at least a portion of the El -region. 

84. The method of claim 74, wherein said promoter is a CMV IE promoter. 

85. The method of claim 74, wherein said tumor is contacted with said expression 
construct at least twice. 

86. The method of claim 74, wherein said expression construct is contacted with said 
tumor prior to close of the incision. 
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87. The method of claim 82, wherein said tumor is contacted with from about 10 6 to 
about 10 9 infectious adenoviral particles. 

88. The method of claim 74, wherein said tumor is contacted with said expression 
construct in a total of about 1 ml to about 1 0 ml. 

89. The method of claim 74, wherein said tumor is injected at least twice. 

90. The method of claim 89, wherein each of said injections comprise about 0.1 ml to 
about 0.5 ml volumes spaced about 1 cm apart. 

91. The method of claim 74, wherein said tumor is contacted with said expression 
construct through a catheter. 

92. The method of claim 9 1 , wherein said tumor is contacted with about 1 0 6 to about 1 0 9 
infectious adenoviral particles. 

93. The method of claim 91, wherein said tumor is contacted with an expression 
construct in a total of about 3 ml to about 1 0 mh 

94. The method of claim 74, wherein the p53 polynucleotide is tagged so that expression 
of a p5 3 polypeptide can be detected. 

95. The method of claim 94, wherein the tag is a continuous epitope. 

96. The method of claim 74, further comprising contacting said tumor with a DNA 
damaging agent. 

97. The method of claim 96, wherein said DNA damaging agent is contacted with said 
tumor before resection. 

98. The method of claim 96, wherein said DN A damaging agent is contacted with said 
tumor after resection. 

99. The method of claim 96, wherein DNA damaging agent is contacted with said tumor 
before and after resection. 

100. The method of claim 96, wherein said DNA damaging agent is a radiotherapeutic 
agent. 

101. The method of claim 100, wherein said radiotherapeutic agent is selected from the 
group consisting of y-irradiation, x-irradiation, uv-irradiation and microwaves. 

102. The method of claim 96, wherein said DNA damaging agent is a chemotherapeutic 
agent. 
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1 03. The method of claim 102, wherein said chemotherapeutic agent is selected from the 
group consisting of adriamycin, 5-fluorouracil, etoposide, camptothecin, 
actinomycin-D, mitomycin C, verapamil, doxorubicin, podophyllotoxin and 
cisplatin. 

1 04. (Canceled) The method of claim 74, further comprising contacting said tumor with a 
cytokine. 

105. (Canceled) The method of claim 104, wherein said cytokine is selected from the 
group consisting of IL-lct, IL-lp, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL- 
10, IL-11, IL-12, IL-13, TGF-p, GM-CSF, M-CSF, TNFa, TNFp^LAF, TCGF, 
BCGF, TRF, BAF, BDG, MP, LIF, OSM, TMF, PDGF, IFN-a, IFN-p, and IFN-y. 

1 06. (Canceled) The method of claim 74, further comprising contacting said tumor with a 
second therapeutic gene other than a gene encoding a p53 polypeptide. 

107. (Canceled) The method of claim 106, wherein said second therapeutic gene is 
selected from the group consisting of a Dp gene, p21, pi 6, p27, E2F, Rb, APC, DC, 
NF-1 , NF-2, WT-1 , MEN-I, MEN-II, BRCA1 , VHL, FCC, MCC, ros, myc, neu, raf, 
erb 9 src,fms,jun, trk 9 ret, gsp, hst, bcl 9 obi, Bax, Bcl-X s and El A. 

108. The method of claim 74, wherein said tumor is located in a body cavity selected 
from the group consisting of the mouth, pharynx, esophagus, larynx, trachea, pleural 
cavity, peritoneal cavity, bladder interior and colon lumen. 

109. (Twice amended) A method of inhibiting tumor cell growth in a mammalian 
subject having a solid tumor comprising the step of continuously perfusing a 
tumor site in said patient with a viral expression construct comprising a promoter 
functional in eukaryotic cells and a polynucleotide encoding a functional p53 
polypeptide, wherein said polynucleotide is positioned sense to and under the 
control of said promoter, the administration resulting in expression of said 
functional p53 polypeptide in cells of said tumor and inhibition of their growth. 

1 1 0. The method of claim 1 09, wherein said tumor is malignant. 

111. The method of claim 1 09, wherein said tumor is a squamous cell carcinoma. 

112. The method of claim 1 09, wherein said tumor is benign. 

113. The method of claim 1 09, wherein the endogenous p53 of said tumor is mutated. 

1 1 4. The method of claim 1 09, wherein the endogenous p53 of said tumor is wild-type. 

115. The method of claim 109, wherein said tumor is a tumor of the lung, skin, 
prostate, liver, testes, bone, brain, colon, pancreas, head and neck, stomach, 
ovary, breast or bladder. 
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1 16. The method of claim 1 16, wherein said viral expression construct is selected from 
the group consisting of a retroviral vector, an adenoviral vector and an'adeno- 
associated viral vector. 

117. The method of claim 116, wherein said adenoviral vector is a replication-deficient 
adenoviral vector. 

118. The method of claim 117, wherein said replication-deficient adenoviral vector is 
lacking at least a portion of the E 1 -region. 

1 19. The method of claim 109, wherein said promoter is a CMV IE promoter. 

120. The method of claim 109, wherein said tumor site is perfused from about one to two 
hours. 

121. The method of claim 1 09, wherein said subj ect is a human. 

122. The method of claim 109, wherein said tumor site is contacted with said expression 
vector through a catheter. 

123. The method of claim 109, wherein the p53 polynucleotide is tagged so that 
expression of a p5 3 polypeptide can be detected. 

1 24. The method of claim 1 23, wherein the tag is a continuous epitope. 

125. The method of claim 109, further comprising contacting said tumor with a DNA 
damaging agent. 

126. The method of claim 125, wherein said tumor site is contacted with said DNA 
damaging agent before resection. 

127. The method of claim 125, wherein said tumor site is contacted with said DNA 
damaging agent after resection. 

128. The method of claim 125, wherein said tumor site is contacted with said DNA 
damaging agent before and after resection. 

129. The method of claim 125, wherein said DNA damaging agent is a radiotherapeutic 
agent. 

130. The method of claim 129, wherein said radiotherapeutic agent is selected from the 
group consisting of y-irradiation, x-irradiation,uv-irradiation and microwaves. 

131. The method of claim 1 25, wherein said DNA damaging agent is a chemotherapeutic 
agent. 
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1 32. The method of claim 131, wherein said chemotherapeutic agent is selected from the 
group consisting of adriamycin, 5-fluorouracil, etoposide, camptothecin, 
actinomycin-D 5 mitomycin C, verapamil, doxorubicin, podophyllotoxin and 
cisplatin. 

1 33. (Canceled) The method of claim 109, further comprising contacting said tumor with 
a cytokine. 

134. (Canceled) The method of claim 133, wherein said cytokine is selected from the 
group consisting of IL-la, IL-ip, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL- 
10, IL-11, IL-12, IL-13, TGF-p, GM-CSF, M-CSF, TNFa, TNFp, LAF, TCGF, 
BCGF, TRF, BAF, BDG, MP, LIF, OSM, TMF, PDGF, IFN-a, IFN-p, and IFN-y. 

1 35. (Canceled) The method of claim 74, further comprising contacting said tumor with a 
second therapeutic gene other than a gene encoding a p53 polypeptide. 

136. (Canceled) The method of claim 135, wherein said second therapeutic gene is 
selected from the group consisting of a Dp gene, p21, pi 6, p27, E2F, Rb, APC, DC, 
NF-1 , NF-2, WT-1 , MEN-I, MEN-II, BRCA1 , VHL, FCC, MCC, ras, myc, neu, raf, 
erb, src.fmsjun, trk, ret, gsp, hst, bcl, obi, Bax, Bcl-X s and El A. 

137. The method of claim 109, wherein said tumor is located into a body cavity selected 
from the group consisting of the mouth, pharynx, esophagus, larynx, trachea, pleural 
cavity, peritoneal cavity, bladder interior and colon lumen. 

138. The method of claim 1, wherein said expression vector is administered topically. 

139. The method of claim 1, wherein said expression vector is administered 
intratumorally. 

140. (Canceled) The method of claim 1, wherein said expression vector is administered 
intravenously. 

141. (Canceled) The method of claim 1, wherein said expression vector is administered 
orally. 

142. The method of claim 74, wherein said expression vector is administered topically. 

143. The method of claim 74, wherein said expression vector is administered 
intratumorally. 

144. (Canceled) The method of claim 74, wherein said expression vector is 
administered intravenously. 
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145. (Canceled) The method of claim 74, wherein said expression vector 
administered orally. 
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cDNA probe labeled by ihc random primer method in 5 X SSC-5 * ^ 
Denaardt's solution-0.5% SDS-dcnaturcd salmon sperm DNA (20 jig/ml). 
The membrane was also stripped and reprobed with glyceraldchydc3- 
pbospaate dehydrogenase cDNA for RNA loading control. The relative 
quantities of p53 expressed were determined by densitometer (Molecular 
Dynamics, Inc., Sunnyvale, CA). # 

Western Blot Analysis. Total cell lysines were prepared by sonicating the 
cells 24-h postinfection in RIPA buffer (150 mM NaCl» IM Nonidet P-4Q. , 
05% sodium dcoxycholatc, 0.1ft SDS, and 50 mM Tris, pH 8.0) fbr 5 s. Fifty 
M g of protein from samples were subjected to 10% SDS-polyacrybmide eel i 
electrophoresis and transferred to Hybond-ECL membrane (Amerebam). The 
membrane was blocked with Blolto/Tween (5% nonfat dry milt 0.2% Twccn ' 
20, and 0.02% sodium azide in phoEpbate-bufJered saline) and probed wilt 
the primary antibodies, mouse aati-humao p53 monoclonal antibody PAblSOl 
and mouse anti-human 0-actin monoclonal antibody (AmersbamX and the 
secondary antibody, horseradish peroxidasc-conjugared goat anti-mouse IgG 
(Bochringer Mannheim, Indianapolis, INT). The membrane was processed and 
developed as the manufacturer suggested. 

fmniunubistochemJcal Analysis. The infected cell monolayers were fixed 
with 3.8% formalin and treated with 3% HjO, in methanol tor 5 min. 
ImmunohtaocheimGil staining was performed by using the Vectastain Elite kit g 
(Vector, Burlingamc CA). The primary* antibody used was the and-p53 anti- 
body PAblSOl, and the secondary antibody was an avidin-labeled ami-mouse 
IgG (Vector). The piotinylatcd horseradish peroxidase avidin-biorin complex 
reagent was used to detect the antigen-antibody complex. Prcadsorprion con- 
trols were used in each immunosiaining experiment. The cells were then 
countcrstained with Harris hematoxylin (Sigma Chemical Co., St. Louis, MO). 

Cell Growth Assay. Cells were plated at a density of 2 X 10* cells/ml in 
6-well plates in triplicate Cells were infected with either wild-type (Ad5CMV- 
p53) or repUcaUon-deficicm adcnovinis as a control. Cells were harvested 
every 2 days and counted; their viability was determined by trypan blue 
exclusion. 

Inhibition of Tumor Growth in Viva. The effect of AdSCMV-p53 on 
established s.c. tumor nodules was determined in nude mice in a defined 
pathogen-free environment Experiments were reviewed end approved by 
institutional committees for both animal care and use and Cor recombinant 
DNA research. Briefly, following induction of accproma^nc/kctarainc ones- 
thesia, three separate s.c Caps were elevated on each animal and 5 X 10* cells 
in 150 m! of complete media were injected S.c into each flap using a blunt 
needle; the cells were kept in the pocket with a horizontal mattress suture. Four 
animals were used for each cell line. After d days, the animals were reancs- 
thetized, and die Daps were reelcvatcd for the delivery of 100 pi of: (a) 
Ad5CMV-p53 (10* PFU) in the right anterior flap; (b) rephatfon-defecrive 
virus (10* TFU) in the right posterior flap; and (c) transport medium alone, in 
the left posterior dank. All injection sites had developed s.c. visual and 
palpable nodules before treatment was administered. Animals were observed 
daily and sacrificed on day 20. //> vfwo rumor volume was calculated by 
assuming a spherical shape with the average tumor diameter calculated as tbe 
square root of the product of cross-sectional diameters. Following sacrifice, 
excised rumors were measured three diraenaonally by rnicrocalipen to deter- 
mine tumor volume. A noopanunelric Friedman's two-way analysis of vari- 
ancc test was used to test tbe significance of the difference between means of 
samples; the SPSS/PC + software package (SPSS, Inc., Chicago, IL) was used 

Results 

Adenoviral Infection of SCCHN Cells. The conditions tor opti- 
mal adenoviral transduction of TV13S and Tu-177 cells were deter- 
mined by infecting these cells with adenovirus expressing the Es- 
cherichia coli 0-ga! gene. The transduction efficiency was assessed by 
counting the number of blue cells after X-gal staining. There appeared 
to be a 1 inear relationship between the number of infected cells and the 
number of adenovirus paiticics used. Cells inoculated with a single 
dose of 100 MOI 0-gal adenovirus exhibited 60% blue cells (Tig. 1A), 
and this was improved to 10096 by multiple infections (data not 
shown). The transduction efficiency of this vector in SCCHN cells is 
quite different from that of other cell lines examined previously; 
HeLa, HepG2, LM2, and human non-small cell lung cancer cell lines 
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Fig, I A traduction cfGcierey ur SCCHN cell tines Tu-138 (A) and Tul77 (■). A 
recombaua; 0-gaI adenovirw w* used to infect the cells at different MOfe nnpig torn 
10 to 100. The percentage? or 0-fcal-poaUivo ecus were obtained ficm wnngSM ccUs 
e^on^te^Kcxp^of exogenous p55mRNA 24 h aft* A^^tf 
mfrctioaXwcv ; and 2, 293 and K562 ecus, respectively, l«^^ndj, ^-LAfccted 
Tv-ISS and Tu-177 cells, lanes 4 and 7, TiMJt! and Tu-177 cells Infected win 41312. 
Luna 5 and 8, Tu-DS and Tu*m utlk infected wliii AdSCMV-p53. 

Showed 97 to 100% infection efficiencies after incubation with 30 to 
50 MOI 0-gal adenovirus (22). 

Expression of Exogenous p53\mRSA in Ad«novims-uifected 
SCCHN Cells. Two human SCCHN ceil lines were chosen for this 
study; both ceil lines Tu-138 and Tfu-177 possess a mutated p53 gene 
(unpublished data). The recently created recombinant wild-type p53 
adenovirus, Ad5CMV-p53, was used to infect Tu-13S and Tu-177 
cells. Twenty-four h after infection, total RNA was isolated, and 
Northern blot analysis was performed. The, transformed primary hu- 
man embryonal kidney cell line 203 was used as a positive control 
because of its high level of cxpnession of the p53 gene product, 
whereas K562, a lymphoblastoma tell line with a homozygous dele- 
tion of the p53 gene, was the negative control (Fig. IB, Lanes 1 and 
2 t respectively). Due to unequal; loading, only a traction of the 
endogenous p53 mRNA was detected in the 293 cells (Fig. t*\ bottom 
panel). The levels of the 2.8-Jdlobase endogenous p53 mRNA de- 
tected in the samples isolatod from mock-infected cells (Fig. IB, 
Lanes 3 and 6) and from the cells injected with a replication-detective 
adenovirus, 61312 (Fig. 16\ Lanes 4 and 7), were similar. Up to 
10-fold higher levels of exogenous 1.9-kQobase p53 mRNA were 
present in the cells infected with Ad5CMV-p53 (Fig. IS, Lanes 5 and 
8), indicating that the exogenous pS3 cDNA was successfully trans- 
duced into these cells and efficiently transcribed. Interestingly, the 
level of endogenous p53 mRNA infthese cells was 5-fold higher than 
in the experimental controls. Northern blots exhibited no evidence of 
Ad5CMV-pS3 (DNA) contamination of RNA. 
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Expression of p53 Protein in AdenoviniS-infected SCCHN 
Cells. Western blot analysis was performed to compare the levels of 
p53 mRNA to the amount of p53 protein produced. A p53 band, 
recognized by monospecific anti-p53 antibody, FAbl801, was ob- 
served in cellular extracts isolated from all samples except K562 cells 
(Fig 24, Lane 8). Cell line 293 showed high levels of pS3 protein 
(Fig. 24,' lane 1). Samples isolated from mock-infected Tu-138 and 
Tu-1l77 cells exhibited low levels of pS3 protein (Fig. 2A, Lanes 2 and 
5). The level of p53 expression remained similar in those cells 
infected with the dl312 adenovirus (Fig. 2A, Lanes 3 and 6). The 
levels of p53 antigen detected in Ad5CMV-p53-in£ccted cells were 
significantly higher than the levels of the endogenous mutated pro- 


teins in both cell lines (Fig. 2A, Lants 5 and 7). This result indicates 
that the exogenous p53 mRNA produced from cells infected with 
Ad5CMV-p53 is efficiently translated into immunareactive p53 pro- 
tein. Furthermore, immunohiswehemieal analysis of cells infected 
with Ad5CMV-p53 revealed the characteristic nuclear staining of p53 
protein (Fig. 25, right panel), whereas mock-infected cells failed to 
show similar staining despite the presence of the p53 protein m these 
cells (Fig. 2B, left panel). This inability to detect the protein may be 
attributable to the insensiuvity of t he as say. 

Effect Of Exogenous pS3 on SCCHN Cell Growth in Vitro. Cells 
infected with control virus dI3l2 had growth rales similar to those of 
the meek-infected cells (Fig. 3\ whereas growth of the Ad5CMV- 
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Rfi. 5. Inhibition of SCCHN ocU growth /» virro. A, kto^Ui curve of mock-iflfccteJ 
TV 13 8 cdli (•), dl3iMnfccttd cells (», and AdSCMV.p53-infee*ed odb 
growth cuivc of mockrinfccttd Tu-177 «IU (O), dmi-infected cells (A), and ^™V- 
pi34flfccted cells (G). Ar each indicated lime point, three dishes of cells we uyptlnood 
ud ooamcd. The mean of ccU counis per triplicate wells following infect! w wwc plotted 
against the number of days *»m* infection; SEM. 


p53-infocted Tu-138 (Fig. 3A) and Tu-177 (Fig. 3B) cells was greatly 
suppressed. Twenty-four h after infection, an apparent morphological 
change occurred with portions of the cell population rounding up and 
their outer membranes forming blebs. Tnese arc part of a series of 
histologically predictable events thai constitute programmed cell 
death. The effect was more prominent for Tu-13S than for Tu-177 
cells. Cells infected with the rcph'cation-defective adenovirus, d!3l2, 
demonstrated normal growth characteristics with no histomorphologi- 
cal abnormalities. Growth assays were reproducible in four repeated 
experiments. 

Inhibition of Tumor Growth in Vivo. Seven animals were tested 
for each cell line. One in the Tu-177 group died following the 
second flap surgery and delivery of the therapeutic interventions, 
presumably due to profound anesthesia and subsequent mutilation by - 
cage mates. Necropsy revealed no evidence of metastasis or systemic 
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effects. Fig. 4 shows representative Tu-138 (/*/*) and Tu-177 recipi- 
ents (right). Sizable tumors are apparent on both posterior flaps of the 
animals (t ft. the sites that did not receive Ad5CNTV-p53). The lack of 
tumor progression is significant iin the right anterior flaps of the 
animals which received Ad5CMV-p53 (J> < .04). That Tu-177 cells 
have a slower growth rate has been established previously in these 
animals/ Two animals in the Tu-177 group had complete clinical and 
pathological regression of their established s.c tumor nodule. Two 
animals in the Tu-138 group ware killed early because they were 
experiencing rapid growth and ulceration of the control rumor sites. 
All surgical sites had developed /lesions of at least 6 mm before 
intervention. The tumor volumes on necropsy are shown in Table 1. 

Discussion 

Mutations or deletions of the p53 tumor suppressor gene are the 
most frequent genetic alterations reported in SCCHN. Since the wild- 
type p53 gene is believed to btf involved primarily in delivering 
antiproliferative signals that may be capable of antagonizing the 
c/owm*timulatory signals propagated by oncogene products, the 
potential molecular therapeutic effect of this gene in SCCHN deserves 

attention. ? , 

The rapid development in die field of penc therapy, including the 
creation of adenoviral vectors, hasiexcatco an environment that is well 
suited for progress toward novel gpnc therapy of SCCHN. Because of 
their natural tropism for aerodigestite tract epithelium, actooviruses may 
be uniquely suitable far the transient delivery of genes to cancers in these 
epithelial tissues. The recombinant, reph'caiion-A?ft»ctive adenoviruses 
thai have been developed for gene therapy are missing the entire El a and 
part of the Elb regions and are, therefore, capable of propagating only m 
cells that can provide the El proteins in trans, such as the 293 ce] I Ime. 
In the past few years, reccrnibiruwtiac^noviruses have been extensively 
developed and used for in vivo gecel therapy. The high transfer efficiency 
of adenoviral vectors over a broad range of hosts both in vixro and in vivo 
make them attractive vehicles for molecular therapy. Recently, a recom- 
binant wild-type p53 adenoviral vector (Ad5CMV-p53) was generated. 
This provided us with an excellent candidate for investigation of the 
biological effects of the wild-type $p55 gene product on SCCHN cells 
bearing the mutated p53 gene. Using a p-gal recombinant adenovirus, the 
gene transfer efficiency of SCCHN bells was established Approximately 
60% of SCCHN cells were positive after X-gal staining. There appeared 
to be a linear correlation between the number of cells expressing the gene 
and the amount of viral particles i*ed in the experiment. This result 
coincided with the efficiency obtained in cells infected with AdSCMV- 
p53 after immuriostaimng by using a inonodonal anti-p53 antibody. Our 
observed transduction efficiency wks lower than thai achieved in other 
cell lines tested, including HeLa, HepG2, LM2, and the human non-small 
cell lung cancer cell lines. This discrepancy could be due to a host of 
factors, including receptor variations and differences in membrane char- 
acteristics among the cell lines. Additionally, the transduction efficiency 
of SCCHN cells may have been underestimated by limitations of light 
microscopic analyses. t 

Ad5CMV-p53 mediated a high level of expression of the p53 gene 
in SCCHN cells. TXvo p53 mRNA species were detected in the 
Ad5CMV-p53-infectcd cells. Theihigh level of 1.9-kilobase mRNA 
was derived from the transduced p53 cDNA following infection with 
Ad5CMV-p53, indicating that the adenoviral vector is an efficient 
vehicle for gene delivery into human SCCHN cells. Moreover, the 
levels of endogenous 2.S-kiloba$e mRNA were higher in the trans- 
duced cells than in the controls* presumably due to the effect of 
wild-type p53 gene product. TWs phenomenon of transcription.*' 


4 Unpublished data. 
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Hbkl Effect ofAJ2CMV-p53 on aungr rrvwih bt nude micc^_ 


Mean volume 
(mm 3 - SEM) 


Treatment 


Tu-138 (7) 


Tu-177 (6) 


AaWCMV-p53 

AdS(dl3i2) 

Medium 

Significance 
p53:mcdium 


223 = 14 
803*300 
1297 ± 511 

/' 

U.U3 
0.04 


13 rl8 
533 ±148 
421 * 143 


0lQ2 
0.03 


• Tie cell* were injected sx. «t 5 x 1 0 6 ctl Wflap. Tumor si*s were tfctcnuined at day 
20 after treatment. Number, in p^illicses, ibe number rfwumals Mtajl 

* Ad5CMV-p53 is abbreviated as p53; dl3U i« w> abbreviation for Ad5(dD12). 


' ' . . pmAi ^ fe. toth tu-138 und Tu-177 {right) eel I lines 20 days foUowirtg flwwpcutic 

Fl^-Inhibi^ 

interventions. The n'Khi posterior flank received 01312. the left flank rtosiveo ™*pon ^ v ( 

establishment oF a nx. tumor. 

shown). However, the mochanism of growth suppression and cell 
death induced by Ad5CMV-p53 requires fiirthcr investigation. 

Encouraging results were also obtained in the nude mice studies. 
Tumor growth in the AdSCMV-pSS-infected cells was suppressed by 
at leas' 60 times more than in the experimental controls. These w viva 
results confirmed the in vitro c.-c* of Ad5CMV-p53 on human 
SCCHN cells, suggesting that the wild-type p53 protein mediates a 
potentially therapeutic effect. Although the in vivo studies arc in their 
infancy, they nevertheless portend th<* development of a model for 
gene therapy in SCCHN that uses p53 ao^novirus as a therapeutic 
intervention. Information derived from such studies could be ex- 
panded in the development of other ntniel molecular therapies thai use 
adenoviral vectors, not only in SCOTS but in other human cancers. 
Several critical questions remain unanswered. How should the insult 
from antibodies that may arise in animals or patients following vjral 
treatment be alleviated? How safe is this virus in humans? The results 
of the preliminary studies justify futther investigation of in vivo 
animal models as well as mechanisms; through which wOd-type p53 
regulates these in vitro and in vivo effects. 
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Autoreguiation of the p53 gene has been well documented in murine 
cell lines in which the wild-type p53 can transactivate its own pro- 
moter and the mutant p53 fails to regulate the p53 promoter (24). 

Due to the episomal property of adenoviral vectors, all the input 
DNA following infection with Ad5CMV-p53 is presumably degraded 
slowly throughout incubation. By using polymerase chain reaction- 
based detection techniques, DNA can be detected as late as 14 days 
postinfection (data not shown). 

Western blot analysis demonstrated that there were few or no 
changes of p53 protein levels between mock- and n^lication-dcfec- 
tivc adenovirus-infected cells, whereas production of p53 protein was 
significant in Ad5CMV-p53-iiifected cells, suggesting that the exog- 
enous p53 mRNA was efficiently translated. Time course protein 
expression studies have shown protein expression to peak 3 days 
postinfection and progressively decline to soil detectable Western 
blotting levels on day 15 (22> Functionally, these SCCHN cells 
transduced with wild-type p53 gene exhibited significant inhibition of 
growth in vitro as compared to the mock-infcctcd and replication- 
defective cells, thus clearly illustrating that these results were not 
mediated by the virus itself. The mechanism by which wild-type p53 
protein inhibits growth in vitro may be related to arrest of the Gj cell 
cycle (18), apoptosis (19, 20), or induction of another tumor suppres- 
sor gene such as WAF1ICIP1 (25). The induction of apoptosis is one 
of the several documented functions of wild-type p53. When Tu-138 
and Tu-177 cells were infected with Ad5CMV-p53 at 100 plaque- 
formiiig units/cell, the characteristic apoptotic histomorphology, such 
as rounded-up cells and the formation of blebs, was apparent as early 
as 4 h after infection and was followed rapidly by cell death (data not 
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Growth Suppression of Human Head and Neck Cancer Cells by the Introduction of 
a Wild-Type p53 Gene via a Recombinant Adenovirus 1 

Ta-Jen Liu, Wei-Wei Zhang, Dorothy L. Taylor, Jack A. Roth, Helmuth Goepfert, and Gary L. dayman* 

tW-W. &]. The University cfTems M. D. A*itno* Cancer Center. Heusx*. Text* 77030 

interest and investigation in recent ypm. Alterations in tntp53 gene, 
'including deletion, insertion, and point mutation, arc the most frequent 
genetic events in many different carcinomas, such as those of the 
colon (8), breast (9), and lung (10), * well as soft-tissue sarcomas and 
lcukemias (11). Several investigators have demonstrated the nign 
frequency of p53 gene alterations in SCCHN (12, 13). 

There is considerable evidence implicating mutations of the p55 
gene in the etiology of many human cancers (14). Reports have 
demonstrated that growth of several different human cancer cell lines, 
including representatives of colon )cancer (15), glioblastoma (16), 
breast cancer (17), and osteosarcoma (18), can be functionally sup- 
pressed by DNA transaction or reirovirus-modbied transfer of the 
wild-type p53 gene. This gene may have an important role not only in 
cell growth but in apoptosis (pxogrkmmed cell death). Induction of 
exogenous expression of wiM-rypci/*55 has been shown to induce 
apoptosis in colon cancer cell lines (19) and in human lung cancer 
spheroids (20). 

The adenoviral vector has emerged as a leading candidate for to 
vivo gene therapy in the past few years. It enjoys an advantage over 
traditiondl DNA transfecticm and retroviral transfer in its high effi- 
ciency of transferring potentially therapeutic genes into a wide range 
of host cells (21). The recently created adenoviral vector containing 
wild-type p5S (Ad5CMV-p53; Rcf. &2) provides us with an attractive 
delivery system to investigate the effect of exogenous wild-type p53 
on SCCHN cell lines both in vuro and in vivo. The outcome of this 
study indicates that further development of the p53 adenovirus or 
other novel molecular therapies for SCCHN is warranted. 


Abstract 

Mutations of the pS3 gene constitute one of the most frequent genetic 
alterations in squamous cell carcinoma of the head and neck (SCCHN). In 
this study, we introduced wUdMype pS3 into two separate SCCHN cell 
lines via a recombinant adenoviral vector, Ad5CMV-p53. Northern blot- 
tug showed that fallowing infection ty the wfld-tjpe p53 adenovirus 
(Ad5CMV-pS3), ceil* produced up to 10-fold higher levels of exogenous 
pSS mRNA than cdls treoted with vector only (without p53). Western 
blotting shoved that the Increased levels of p53 protein produced in the 
AdSCMV.p53-iafeeted cells were a reflection of pS3 mRNA expression. In 
vitro growth assays revealed growth arrest following Ad5 CM V-p53 infec- 
tion as well as cell morphological changes consistent with apoptosts. In 
vivo studies in nude mice with established sx. squamous carcinoma nod- 
ules showed that tumor volumes were significantly reduced In mice that 
received peri tumors! infiltration of AdSCM v-p53. These data suggest that 
Ad5CMV-p53 may be further developed as a potential novel therapeutic 
agent for SCCHN since introduction of wild-type p53 Into SCCHN cell 
lines attenuates their replication and tumor growth. 


Introduction 

Patients with SCCHN 3 are afflicted with a disease process that often 
has profound effects on speech, swallowing, and cosmcsis. Furthermore, 
ihe overall rate of survival among these patients has remained unchanged 
at approximately 45% for nearly 30 years since contemporary surgery 
and radiation therapy were instituted (1). Treatment failures among these 
patients remain local and regional; only 10-15% of patients with the 
disease die of distant metastasis alone (2). 

Although wc have gained in understanding of the molecular events 
in the initiation and progression of SCCHN, they continue to require 
intensive investigation. A recent study identifying loss of heterozy- 
gosity of chromosome 9p21-22 as the most frequent genetic alteration 
in SCCHN suggested that this may be an early event in progression 
toward this neoplasm (3). Additionally, amplification and/or overex- 
pression of cellular and nuclear oncogenes, such as c-erB-1 (4), inr-2 
(5), ocM (6) and c-myc (7). have been documented in these cancers. 
The tumor suppressor gene p53 has been the subject of immense 
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Materials and Methods 

Cell JLini* and Culture Cooditions; Human SCCHN cell lines Tu-138 
and Tu-177 were both established at the Dcpurlmtnt of Head and Neck 
Surgery, M. O. Anderson Cancer CcntcrjTu-138 and Tu-177 were established 
from a giagivo-hbial moderately diffeffntiatcd squamous carcinoma and a 
pourly differentiated squamous carcinoma of ihe larynx, respectively. Both cell 
lines were developed via primary explaijt technique and are cytokcniun pos- 
itive and turaorigenic in atbymic nude and SOD mice. These cells were grown 
in DMEM/F12 medium supplementod with 10ft heat-inactivated FBS with 
MoiolTin/strcptomycin. 

Recombinant Adenovirus Preparation and Infection. The recombinant 
p53 adenovirus (Ad5CMV-p53; Rc£ 2ty contains the CMV promoter, wild- 
type p53 cDNA, and SV40 polyadcaylarion signal in a minigene cassette 
iasertcd into the El-delctod region of modified Ad5. Viral stocks were prop- 
agated in 293 cells. Cells were harvested 36-40 h after infection, pelleted, 
tesuspended in phosphale-buffeied saline, and lysed; cell debris wus removed 
by subjecting the cells to CsCl gradient purification. Concentrated virus was 
dialyzed, aliquoted, and stored at -801G Infection was carried out by the 
addition of the virus to the DMEM/FJ2 medium and 2% FBS to the cell 
monolayers. The cells were fneubaUd;at 37°C for 60 min wit» corstaol 
agilatiOO. Then complete medium (DMEfc/F12~10fc FBS) was added, and the 
cells were incubated at 37*C for the desired length of time. 

Northern Blot Analysis. Total RNA jwas isolated by the acid-guanidinium 
thiocyanate method of Cnomczynski andSacchi (23). Northern analyses were 
performed on 20 ufi of total KNA. The Membrane was hybridized with a p53 
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Development and Characterization of Recombinant Adenoviruses 
Encoding Human p53 for Gene Therapy of Cancer 

KEN N WILLS, DANIfJL C. MANEVAL, PAtRICIA MENZEL, MATTHEW P. HARRIS, 

SUGANTO SUTlffiTO, MEI-TING VAILLANCOURT, WHEI-MEI HUANG, 
DUANE E. JOHNSON, SOblT C. ANDERSON, SHU FEN WEN, ROBERT BOOKSTEIN, 
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ABSTRACT 

We have constructed recombinant human adenoviruses that express wild-type human p53 under the control of 
either the Ad 2 major late promoter (MLP) or the human cytomegalovirus (CMV) immediate early gene 
promoter. Each construct replaces the Ad 5 Ela and Elb coding sequences necessary for viral replication with 
the p53 cDNA and MLP or CMV promoter. These p53/Ad recombinants are able to express p53 protein in a 
dose-dependent manner in infected human cancer cells. Tumor suppressor activity of the expressed p53 
protein was assayed by several methods. [ 3 H]Thymidine incorporation assays showed that the recombinant 
adenoviruses were capable of inhibiting DNA synthesis in a p53-spedfk, dose-dependent fashion. Ex vivo 
treatment of Saos-2 tumor cells, followed by injection of the treated ceils into nude mice, led to complete tumor 
suppression using the MLP/pS3 recombinant. Following a single injection of CMV?p53 recombinant adenovi- 
rus into the peritumoral space surrounding an in vivo established tumor derived from a human small celUur*£_ 
carcinoma ce ll line (NIH-H69), we were able to detect p53 mRNA in the tumors at 2 and 7 days post-injection. 
fV^j miPd rrPfltment of establi shed H69 tumors with MLP/p53 recombinantj ed tQ reduced tumor growth and 
unerased [survival ti me compared to co ntr^^.tedaninials. These results indicate that recombinant adenovi- 
ruse7expressing wild-type p53 may be useful vectors for gene therapy of human cancer. 


OVERVIEW SUMMARY 

Introduction of the p53 tumor suppressor gene into tumors 
bearing p53 mutations can inhibit cellular proliferation and 
tumorigenidty. Witts etal. describe replication-deficient re- 
combinant adenoviruses directing expression of human p53 
both in vitro and in vivo. They show that adenovirus- medi- 
ated expression of wild-type p53 in p53 altered tumors can 
suppress proliferation and inhibit tumorigenkity in ex vivo 
and in vivo cancer models. 

INTRODUCTION 

MUTATION OF THE p53 GENE is the most common genetic 
alteration in human cancers (Bartek etal., 1 99 1 ; Holl- 


stein et a/., 1991). In its proposed role as a "guardian of the 
genome*' (Lane, 1992), the p53 gene product functions as a 
transcriptional activator of other genes which inhibit cell cycle 
progression from G, to S phase in normal cells. Its levels rise 
and accumulate in response to DNA damage, leading either to 
G, arrest and repair, terminal differentiation, or, if too much 
damage has occurred, apoptosis (Kuerbitz et al.. 1992; Lane, 
1992). Loss of wild-type p53 function is associated , with the 
uncontrolled growth of many types of human cancers. The 
reexpression of normal p53 in p53-altered tumor cells has been 
demonstrated to suppress tumor growth (Chen et at., 1990; 
Cheng et al. 1992; Takahashi et al.. 1992) or induce apoptosis 
(Yonish-Rouach et al.. 1991, Shaw et al.. 1992). Therefore, 
p53 functions as a tumor suppressor, restoring a nontumori- 
genic phenotype to tumor cells in which the endogenous p53 
gene has been deleted or mutated. 
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Recent work has shown that human adenoviruses can be used 
to deliver genes successfully into a variety of cells and tissues 
(Lemarchand a aL, 1992; Rosenfeld et aL, 1992; Rich et aL, 
1993). Recombinant adenoviruses have several advantages 
over alternative gene delivery systems such as retrovirus (RV) 
or adeno-associated virus (AAV)-based vectors for the treat- 
ment of cancer. These include the ability to produce stable 
high-titer virus capable of efficient infection and subsequent 
gene expression in target cells (for review, see Siegfried, 
1993). Because of the advantages of an adenovirus-based deliv- 
ery system over other systems for the poteniiaJ gene therapy of 
cancer, we constructed recombinant adenoviruses encoding 
wild-type p53 under the control of the Ad 2 major late promoter 
(MLP) or the human cytomegalovirus (CMV) promoter We 
have tested the ability of these constructs to suppress tumor 
growth both in vitro and in vivo. 


MATERIALS AND METHODS 

Cell lines 

Recombinant adenoviruses were grown and propagated in 
the human embryonal kidney cell line 293 (ATCC CRL 1573) 
maintained in DME medium containing 10% defined, supple- 
mented calf serum (Hyclone). Saos-2 cells were maintained in 
Kaighn's media supplemented with 15% fetal calf serum. HeLa 
and Hep 3B cells were maintained in DME medium supple- 
mented with 10% fetal calf serum. All other cell lines were 
grown in Kaighn's media supplemented with 10% fetal calf 
serum. Saos-2 cells were kindly provided by Dr. Eric Stan- 
bridge. All other cell lines were obtained from ATCC. 

Construction of recombinant adenoviruses 

To construct the Ad5/p53 viruses, a 1.4-kb Hind Ul-Sma I 
fragment containing the full-length cDNA for p53 was isolated 
from pGEMl-p53-B-T (kindly supplied by Dr. Wen-Hwa Lee) 
and inserted into the multiple cloning site of the expression 
vector pSP72 (Promega) using standard cloning procedures 
(Sambrook et aL, 1989). The p53 insert was recovered from 
this vector following digestion with Xho l-Bg\ fl and gel elec- 
trophoresis. The p53 coding sequence was then inserted into 
ether pNL3C or pNL3CMV adenovirus gene transfer vectors 
(kindly provided by Dr. Robert Schneider), which contain the 
Ad5 5' inverted terminal repeat and viral packaging signals and 
the Ela enhancer upstream of either the Ad2 major late pro- 
moter (MLP) or the human cytomegalovirus immediate early 
gene promoter (CMV), followed by the tripartite leader cDNA 
and Ad 5 sequence 3,325-5,525 bp in a pML2 background 
These new constructs replace the El region (bp 360-3,325) of 
Ad5 with p53 driven by either the Ad2 MLP (A/M/53) or the 
human CMV promoter (A/C/53), both followed by the tripartite 
leader cDNA (see Fig. I). The p53 inserts use' the remaining 
downstream Elb polyadenylation site. Additional MLP- and 
CMV-driven p53 recombinants (A/M/N/53, A/C/N/53) were 
generated which had a further 705-nucleotide deletion of Ad 5 
sequence to remove the protein IX (pIX) coding region. As a 
control, a recombinant adenovirus was generated from the pa- 
rental pNL3C plasmid without a p53 insert (A/M). A second 
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FIG. 1. Schematic of recombinant p53/adeno virus con- 
structs. The p53 recombinants are based on Ad 5 and have had 
the El region of nucleotides 360-3,325 replaced with a 1 4-kb 
full-length p53 cDNA driven by the Ad 2 MLP (A/M/53) or 
human CMV (A/053) promoters followed by the Ad 2 tripar- 
tite leader cDNA. The control virus A/M has the same Ad 5 
deletions as the A/M/53 virus, but lacks the L4-kb p53 cDNA 
insert The remaining Elb sequence (705 nucleotides) have 

£S ^n^V^ pnXein constructs A/M/ 

N/53 and A/C/N/53. These constructs also have a 1 9-kb Xba I 
deletion within adenovirus type 5 region E3. 


control (kindly provided by Dr. Robert Schneider) consisted of 
a recombinant adenovirus encoding the 0-gaJactosidase (fr-Gal) 
gene under the control of the CMV promoter (A/Op-Gal) The 
plasmids were linearized with either Nru I or Eco RI and co- 
transfected with the large fragment of a Cla Indigested Ad 5 
dim or dl321 mutants (Jones and Shenk, 1979; Thimmappaya 
et aL, 1982) using a Ca/PO< transfection kit (Strategeoe). Only 
the prX-minus constructs used the mil background which 
contains a 1.9-kbXte I deletion in the E3 region. Viral plaques 
were isolated and recombinants identified by both restriction 
digest analysis and the polymerase chain reaction (PCR) using 
recombinant-specifk primers against the tripartite leader cDNA 
sequence with downstream p53 cDNA sequence. Recombinant 
virus was further purified by limiting dilution, and virus parti- 
cles were purified and biered by standard methods (Graham and 
vanderErb, 1973; Graham and Prevec, 1991). 


p53 protein detection 

Saos-2 or Hep 3B cells (V x 10*) were infected with the 
indicated recombinant adenov^ses for a period of 24 hr at 
increasing multiplicities of infection (moi) of plaque-forming 
units of vims/cell. Purified adenovirus, stored inl% sucrose in 
phosphate-buffered saline (PBS), is diluted with media to ob- 
tain the desired moi and added to plates of cells containing fresh 
media. After 24 hr, the cells were washed once with PBS and 
harvested in lysis buffer [50 mM Tris-HCl pH 7.5, 250 mM 
NaCl, 0.1% NP-40. 50 mM NaF, 5 mAf EDTA, 10 ftg/ml 
aproumn, 10 ng/ml leupeptin, and 1 mM phenylmethylsulfonyl 
fluoride (PMSF)]. A Bradford assay (Bio-Rad Protein Assay 
kit) was used to measure cellular protein concentration, and 
equal amounts of protein (ar^xirnately 30 jig) were separated 
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by 10% SDS-PAGE and transferred to nitrocellulose. Mem- 
branes were incubated with a-p53 antibody PAb 1801 (Novo- 
castro) followed by sheep anti-mouse IgG conjugated with 
horseradish peroxidase. p53 protein was visualized by chemilu- 
minescence (ECL kit, Amershani) on Kodak XAR-5 film 


Measurement of DNA synthesis rate 

Cells (5 x lOVwell) were plated in 96- well titer plates (Co- 
star) and allowed to attach ovjernight (37°C, 1% C0 2 ). Cells 
were then infected for 24 hr wrth purified recombinant virus 
particles at moi values ranging frym 0.3 to 100, as indicated. 
Media were changed 24 hr after infection, and incubation was 
continued for a total of 72 hr. [ 3 H]Thymidine (Amersham, 1 
pCi/well) was added 18 hr prior to harvest. Cells were har- 
vested on glass fiber filters and levels of incorporated radioac- 
tivity were measured in a beta scintillation counter. [ ^Thymi- 
dine incorporation was expressed as the mean % (±SD) of 
media control and plotted versus the moi. 


Tumorigenicity in nude mice 

Approximately 2.4 x 10 8 Saos-2 cells, plated in T225 
flasks, were treated with suspension buffer (1% sucrose in PBS) 
containing either A/M/N/J3- or A/M -purified virus at an moi of 
3 or 30. Following an overnight infection, cells were injected 
subcutaneously into the left and right flanks of B ALB/c athymic 
nude mice (4 mice per gprap). One flank was injected with the 
A/M/N/53-treated cells, while the contralateral flank was in- 
jected with the control A/M-treated cells, each mouse serving 
as its own control. Animals receiving bilateral injection of 
buffer-treated cells served as additional controls. Tumor dimen- 
sions (length, width, and height) and body weights were then 
measured twice per week over an 8-week period. Tumor vol- 
umes were estimated for each animal, assuming a spherical 
geometry with radius equal to one-half the average of the mea- 
sured tumor dimensions. 


Intratumoral RNA analysis 

Female B ALB/c athymic nude mice (approximately 5 weeks 
of age) were injected subcutaneously with 1 x 10 7 H69 small 
cell lung carcinoma (SCLC) cells in a 200-u-l volume in their 
right flanks. Tumors were then allowed to progress for 32 days. 
Mice then received peri tumoral injections of either A/C/53 or 
A/C/p-Gal recombinant adenovirus [2 x 10 9 plaque-forming 
units (pfu)] into the subcutaneous space beneath the tumor 
mass. Tumors were excised from the animals 2 and 7 days post 
adenovirus treatment and rinsed with PBS. Tumor samples 
were homogenized, and total RNA was isolated using a Tri Re- 
agent kit (Molecular Research Center, Inc.). Poly(A) RNA was 
isolated using the PoIyATract mRNA Isolation System 
(Pro mega), and approximately 10 ng of sample was used for 
reverse transcriptase (RT>-PCR determination of recombinant 
p53 mRNA expression (Wang et al., 1989). Primers were de- 
signed to amplify sequence between the adenovirus tripartite 
leader cDNA and the downstream p53 cDNA, ensuring that 
only recombinant, and not endogenous p53 would be amplified. 


p53 gene therapy of established tumors in nude mice 

Approximately 1 x 10 7 H69 (SCLC) tumor cells in 200-u,! 
volumes were injected subcutaneously into female BALB/c 
athymic nude mice. Tumors were allowed to develop for 2 
weeks > at which point animals were randomized by tumor size 
(n = 5/grbup). Peritumoral injections of either A/M/N/53 or 
the control A/M- adenovirus (2 x 10 9 pfu/injection) or buffer 
alone (1% sucrose in PBS) were administered twice per week 
for a total of 8 doses/animal per group. Tumor dimensions and 
body weights were measured twice per week for 7 weeks, and 
tumor volume was estimated as described previously. Animals 
were then followed to observe the effect of treatment on mouse 
survival. 


RESULTS 

Construction of recombitvmt p5 3 -adenovirus 

p53 adenoviruses were constructed by replacing a portion of 
the El a and Elb region of adenovirus type 5 with p53 cDNA 
under the control of either the Ad2 MLP (A/M/53) or CMV 
(A/C/53) promoter (schematized in Fig. 1 ). This El substitution 
severely impairs the ability of the recombinant adenoviruses to 
replicate, restricting their propagation to 293 cells that supply 
Ad 5 EI gene products in trans (Graham et al.. 1977). After 
identification of p53 recombinant adenovirus by both restriction 
digest and PCR analysis, the entire p53 cDNA sequence from 
one of the recombinan?*4enoviruses (A/M/53) was sequenced 
to verify that it was free of mutations. Following this, purified 
preparations of the p53 recombinants were used to infect HeLa 
cells to assay for the presence of phenotypically wild-type ade- 
novirus. HeLa cells, which are nonpermissive for replication of 
El -deleted adenovirus, were infected with 1-4 x 10 9 infec- 
tious units of recombinant adenovirus at an moi ~ 50, cultured 
for 3 weeks, and observed for the appearance of cytopathic 
effect (CPE). Using this assay, we were not able to detect 
recombinant adenovirus replication or wild-type contamina- 
tion, readily evident by the CPE observed in control cells in- 
fected with wild-type adenovirus at a level of sensitivity of 
approximately 1 in 10 9 . 

p53 protein expression from recombinant adenovirus 

To determine if our p53 recombinant adenoviruses expressed 
p53 protein, we infected tumor cell lines that do not express 
endogenous p53 protein. The human tumor cell lines Saos-2 
(osteosarcoma) and Hep 3B (hepatocellular carcinoma), which 
contain mutations that result in no expression of p53 protein 
(Chen et al.. 1990; Hsu et al., 1993), were infected for 24 hr 
with the p53 recombinant adenoviruses A/M/53 or A/C/53 at 
moi values ranging from 0.1 to 200 pfu/cell. Western analysis 
of lysates prepared from infected cells demonstrated a dose- 
dependent p53 protein expression in both cell types (Fig. 2). 
Both cell lines expressed higher levels of p53 protein following 
infection with A/C/53 than with A/M/53 (Fig. 2). No p53 pro- 
tein was detected in noninfected cells. Cells infected with moi 
values of up to 200 of the control virus A'M also did not show 
detectable p53 protein (unpublished observation). SW 480 cell 
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B. 


rAd/MLP/p53 rAd/CMV/p53 


rAd/MLP/p53 rAd/CMV/p53 



MOI: 


MOI: 
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o « a ^ - 


^ G "5 P f 3 P^^^ 55 ' 00 "» tumor cells infected with A/M/53 and A/C/53. A. Saos-2 (osteosarcoma) cells were infected at 
the indicated moi with either the A/M/53- or A/053-purified virus and harvested 24 hr later. The p53 anti Jy pAb 
to stain tmmunoblots of samp es loaded at equal total protein concentrations. Equal protein concentrations of SW480 ail cxt^ 
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lysate, which overexpresses mutant p53 protein (Baker et a/., 
1990), was used as a size marker. Levels of endogenous wild- 
type p53 are normally quite low, and nearly undetectable by 
Western analysis of cell extracts (Bartek etai., 1991). It is clear 
however that wild-type p53 protein levels are easily detectable 
after infection with either A/M/53 or A/C/53 at the lower moi 
values (Fig. 2) t suggesting that even low doses of p53 recombi- 
nant adenoviruses can produce potentially efficacious levels 
ofp53. 

p5 3 -dependent morphology changes 

The rein traduction of wild-type p53 into the p53-negative 
osteosarcoma cell line, Saos-2, results in a characteristic en- 
largement and flattening of these normally spindle-shaped ceils 
(Chen et al., 1990). Subconfluent Saos-2 cells (1 x 10 5 cells/ 
10-cm plate) were infected at an moi of 50 with either the 
A/C/53 or control A/M virus, and incubated at 37°C for 72 hr 
until uninfected control plates were confluent. At this point, the 
expected morphological change was evident in the A/C/53- 

treatrd nlat/> fFio ir\ k..# j /i~ _ -» . * 

, y . , wui nvi iii uiuiucwtcu (rig. J>/\) or 

control virus-infected plates (Fig. 3B). This effect was not a 
function of cell density because a control plate initially seeded 
at lower density retained normal morphology at 72 hr when its 


confluence approximated that of the A/C/53 -treated plate (data 
not shown). Our previous results had demonstrated a high level 
of p53 protein expression at a moi of 50 in Saos-2 cells (Fig. 
2A), and these results provided evidence that the p53 protein 
expressed by these recombinant adenoviruses was biologically 
active. 

p53 inhibition of cellular DNA synthesis 

To test further the activity of the p53 recombinant adenovi- 
ruses, we assayed their ability to inhibit proliferation of human 
tumor cells as measured by the uptake^of [ 3 H]thymidine. It has 
previously been shown that introduction of wild-type p53 into 
cells that do not express endogenous wild-type p53 can arrest 
the cells at the G ,/S transition, leading to inhibition of uptake of 
labeled thymidine into newly synthesized DNA (Baker et a/., 
1990; Diller et al. t 1990; Mercer et al. w 1990). We infected a 
variety of p53-deficient tumor cell lines with either A/M/N/53, 
A/C/N/53 or a non-p53-expressing control recombinant adeno- 
virus (A/M). We observed a strong, dose-dependent inhibition 
of DNA synthesis by both the A/M/N/53 and A/C/N/53 recom- 
binants in 7 out of the 9 different tumor cell lines tested (Fig. 4). 
Both constructs were able to inhibit DNA synthesis specifically 
in these human tumor cells, regardless of whether they ex- 
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FIG. 4- p53-dependent inhibition of DNA synthesis in human tumor cell lines by A/M/N/53 and A/C/N/53. Nine different tumor 
cell lines were infected with either control adenovirus A/M/ (xx), or the p53-expressing A/M/N/53 (A) or A/C/N/53 (O) vims at 
increasing ropi as indicated. Tumor type and p53 status are noted for each cell line (wt, wild type; null, no protein expressed; mut, 
mutant protein expressed). DNA synthesis was measured 72 hr post-infection as described in Materials and Methods. Results are 
from triplicate measurements at each dose (mean ± SD), and are plotted as % of media control versus moi. (*) H69 cells were only 
tested with A/M and A/M/N/53 virus. 


pressed mutant p53 or failed to express p53 protein. We also 
found that in this assay, the A/C/N/53 construct was consis- 
tently more potent than the A/M/N/53. In Saos-2 (osteosar- 
coma) and MDA-MB468 (breast cancer) cells, nearly 100% 
inhibition of DNA synthesis was achieved with the A/C/N/53 
construct at a moi as low as 10. At doses where inhibition by the 
control adenovirus is only 10-30%, we observed a 50-100% 
reduction in DNA synthesis using either p53 recombinant ade- 
novirus. In contrast, we observed no significant p53-specific 
effect with either construct as compared to control vims in HEP 
G2 cells (hepatocarcinoma cell line expressing endogenous 
wild-type p53; Bressac et aL, 1990), nor in the K562 (p53 null; 
Feinstein etal. t 1992) leukemic cell line. 


Tumorigenicity in nude mice 

In a more stringent test of function for our p53 recombinant 
adenoviruses, we infected tumor cells ex vivo and then injected 


the cells into nude mice to assess the ability of the recombinants 
to suppress tumor growth in vivo. Saos-2 cells infected with 
A/M/N/53 or control A/M virus at a moi of 3 or 30 were injected 
into opposite flanks of nude mice. Tumor sizes were then mea- 
sured twice a week over an 8- week period. At a moi of 30, we 
did not observe any tumor growth in the p5 3- treated flanks in 
any of the animals, while the control treated tumors continued 
to grow (Fig. 5). The progressive enlargement of the control 
virus-treated tumors was similar to that observed in the buffer- 
treated control animals. We also observed a clear difference in 
tumor growth between the control adenovirus and the p53 re- 
combinant at a moi of 3, although tumors from 2 out of the 4 
p5 3 -treated mice did start to show some growth after approxi- 
mately 6 weeks (data not shown). Thus, the A/M/N/53 recom- 
binant adenovirus is able to mediate p53-specific rumor sup- 
pression in an in vivo environment. We have also observed very 
similar results when infecting and injecting the NSCLC cell line 
H596. which expresses mutant p53 protein with the same vi- 
ruses (unpublished observations). 
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FIG. 5. Tumongenicity of p53-infected Saos-2 cells in nude 
mice. Saos-2 cells were infected with either the control A/M 
virus or the p53 recombinant A/M/N/53 at moi = 30. Treated 
cells were injected subcutaneous! y into the flanlcsof nude mice, 
and tumor dimensions were measured (as described in Materials 
and Methods) twice per week for 8 weeks. Results are plotted as 
tumor size versus days post tumor cell implantation for both 
control A/M-(x) and A/M/N/53-(A) treated ceils. Error bars 
represent the mean tumor size ± SEM for each group of 4 
animals at each time point. 

In vivo expression of rAdlp53 

Although ex vivo treatment of cancer cells and subsequent 
injection into animals provided a critical test of tumor suppres- 
sion, a more clinically relevant experiment is to determine if 
injected p53 recombinant adenovirus could infect and express 
p53 in established tumors in vivo. To address this, H69 (SCLC, 
p53 nuU ) cells were injected subcuianeously into nude mice, and 
tumors were allowed to develop for 32 days. At this time, a 
single injection of 2 x 10* pfu of either A/C/53 or A/C/fr-Gdd 
adenovirus was injected into the perirumoral space surrounding 
the tumor. Tumors were then excised at either day 2 or day 7 
following the adenovirus injection, and poly(A) RNA was iso- 
lated from each tumor. RT-PCR, using recombinant-p53 spe- 
cific primers, was then used to detect p53 mRNA in the p53- 
ireated tumors (Fig. 6, lanes 1, 2, 4, 5). No p53 signal was 
evident from the tumors excised from the ^-GaJ -treated animals 
(Fig. 6, lanes 3 and 6). Amplification with actin primers served 
as a control for the RT-PCR reaction (Fig. 6, lanes 7-9), while a 
plasmid containing the recombinant-p53 sequence served as a 
positive control for the recombinant-p53-specific band (Fig. 6, 
lane 10). This experiment demonstrates that a p53 recombinant 
adenovirus can specifically direct expression of p53 mRNA 
within established tumors following a single injection into the 
peri tumoral space. It also provides evidence for in vivo viral 
persistence for at least 1 week following infection with a p53 
recombinant adenovirus 

In vivo efficacy 

To address the feasibility of gene therapy of established tu- 
mors, a tumor-bearing nude mouse model was used. H69 cells 
were injected into the subcutaneous space on the right flank of 
mice, and tumors were allowed to grow for 2 weeks. Mice then 
received peritumoral injections of buffer or recombinant virus 
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FIG. 6. Expression of rAd/p53 RNA in established tumors. 
H69 (SCLC) cells were injected subcutaneous I y into nude mice 
and allowed to develop rumors for 32 days until reaching a size 
of approximately 25-50 mm 3 . Mice were randomized and in- 
jected peritumorally with 2 x !0 9 pfu of either control A/C/$- 
Gal or A/C/53 virus. Tumors were excised 2 and 7 days post 
injection, and poly(A) RNA was prepared from each tumor 
sample. RT-PCR was carried out using equal RNA concentra- 
tions and primers specific for recombinant p53 message. PCR 
amplification was for 30 cycles at 94°C I min, 55°C 1.5 min, 
72°C 2 min, and a 10-min, 72°C final extension period in an 
Omnigen thermaJcycler (Hybaid). The PCR primers used were 
a 5' Tripartite Leader cDNA (5 -CGCCACCGAGGGACCT- 
GAGCG AGTC-3 ' ) and a 3' p53 pnmer (5 -TTCTGGGAAGG- 
GACAGAAGA-3). Lanes 1,2,4, and 5, p53-treated samples 
excised at days 2 or 7 as indicated; lanes 3 and 6, from ^-Gal- 
treated tumors; lanes 7, 8, and 9, replicates of lanes 4, 5, and 6, 
respectively, amplified with actin primers to verify equal load- 
ing; lane 10, a positive control using a tripartite/p53 containing 
plasmid. 

twice weekly for a total of 8 doses. In the mice treated with 
buffer or control A/M virus, tumors continued to grow rapidly 
throughout the treatment, whereas those treated with the A/M/ 
N/53 virus grew at a greatly reduced rate (Fig. 7A). Although 
control animals treated with buffer alone had accelerated tumor 
growth as compared to either virus-treated group, we found no 
significant differences in body weight among the three groups 
during the treatment period (data not shown). Tumor ulceration 
in some animals limited the relevance of tumor size measure- 
ments after day 42. However, continued monitoring of the 
animals to determine survival time demonstrated a survival 
advantages for the p53-treated animals (Fig. 7B). The last of the 
control adenovirus-treated animals died on day 83, while buffer 
alone treated controls had all eAoired by day 56. In contrast, all 
5 animals treated with the A/NvN/53 survived up to day 137 
before the first animal in this group died (Fig. 7B). Two ani- 
mals continue to survive at day 1 74. Together, our data indicate 
a p53-specific effect on both tumor growth and survival time in 
animals with established p53-deficient tumors. 

DISCUSSION 

Adenovirus vectors expressing p53 

We have constructed recombinant human adenovirus vectors 
that are capable of expressing high levels of wild-type p53 
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FIG. 7. In vivo tumor suppression and increased survival 
time with A/M/N/53. H69 (SCLC) tumor cells were injected 
subcutaneously into nude mice and allowed to develop for 2 
weeks. Peri tumoral injections of either buffer alone (□), control 
A/M adenovirus (x) t or */M/N/53 (A) (both virus 2 x 10 9 
pfu/injection) were administered twice per week for a total of 8 
doses. Tumor dimensions were measured twice per week and 
tumor volume was estimated as described in Materials and 
Methods. A. Tumor size is plotted for each virus versus time 
(days) post inoculation of H69 cells. Error bars indicate the 
mean tumor size ± SEM for each group of 5 animals. Arrows 
indicate days of virus injections. B. Mice were monitored for 
survival and the fraction of mice surviving per group versus 

time post inoculation of buffer alone ( — ), control A/M ( ), 

or A/M/N/53 ( ) virus-treated H69 cells is plotted. 


protein in a dose-dependent manner. Each vector contains dele- 
tions in the E 1 a and E 1 b regions that render the virus replication 
deficient (Challberg and Kelly, 1979; Horowitz, 1991). Of 
further significance is that these deletions include those se- 
quences encoding the El b 19- and 55-kD proteins. The 19-kD 
protein is reported to be involved in inhibiting apoptosis (Rao 
€t al., 1992; White et al. t 1992), whereas the 55-kD protein is 
able to bind wild-type p53 protein (Sarnow et al., 1982; Heuvel 
etal., 1990). By deleting these adenoviral sequences, we re- 
move potential inhibitors of p53 function through direct binding 
to p53 or potential inhibition of p53-mediated apoptosis. We 
have created additional constructs that have had the remaining 
3' Elb sequence, including all protein IX coding sequence, 
deleted as well . Although this has been reported to reduce the 
packaging size capacity of adenovirus to approximately 3 kb, 
less than wild-type virus (Ghosh-Choudhury et al., 1987), these 
constructs are also deleted in the E3 region so that the A/M/ 
N/53 and A/C/N/53 constructs are well within this size range. 
By deleting the pIX region, adenoviral sequences homologous 
to those contained in 293 cells are reduced to approximately 300 
bp, decreasing the chances of regenerating replication -compe- 


tent, wild-type adenovirus through recombination. Constructs 
lacking pIX coding sequence appear to have equal efficacy and 
drive equivalent levels of p53 protein expression as those with 
pIX (unpublished observations). 


p5 3 1 Adenovirus efficacy in vitro 

In concordance with a strong dose dependency for expression 
of p53 protein in infected cells, we have also demonstrated a 
dose-dependent, p53-specific inhibition of tumor cell growth 
by our recombinants. We were able to inhibit cell division, 
demonstrated by the inhibition of DNA synthesis, in a wide 
variety of tumor cell types known to lack wild-type p53 protein 
expression. Bacchetti and Graham (1993) recently reported 
p53-specific inhibition of DNA synthesis in the ovarian carci- 
noma cell line SKOV-3 by a p53 recombinant adenovirus in 
similar experiments. In addition to ovarian carcinoma, we have 
demonstrated that additional human rumor cell lines, represen- 
tative of clinically important human cancers and including lines 
overexpressing mutant p53 protein, can also be growth inhib- 
ited by our p53 recombinants. At moi values where the AJCJ 
N/53 recombinant is 90-100% effective in inhibiting DNA 
synthesis in these tumor types, control adenovirus-mediated 
suppression is less than 20%. 

Although Feinstein et al. (1992) reported that reintroduction 
of wild-type p53 could induce differentiation and increase the 
proportion of cells in G, versus S + G 2 for leukemic K562 
cells, we found no p53-specific effect in this line. Horvath and 
Weber (1988) have reooijed that human peripheral blood lym- 
phocytes are highly nonpermissive to adenovirus infection. In 
separate experiments, we found that we were not able to infect 
the nonresponding K562 cells significantly with recombinant 
A/Op-Gal adenovirus, while other cell lines, including the 
control Hep G2 line and those showing a strong p53 effect, 
were readily infectable (Harris et al., in preparation). Thus, at 
least part of the variability of efficacy would appear to be due to 
variability of infection, although other factors may be involved 
as well. For example, Chen etal. (1991) reported that wild-type 
p53 can suppress tumorigenicity without inhibiting the growth 
rate of some tumor lines. Alternatively, mutations of regulatory 
proteins acting downstream from p53 may also exist in some 
tumor cell lines, limiting the effect of p53 treatment. The lack 
of a p53-specific effect in the wild-type control cell line Hep G2 
is encouraging, suggesting that overexpression of wild-type 
p53 over endogenous background levels may have only minor 
effects in normal cells infected with the recombinant. 

The ability to treat human cancer cells ex vivo and suppress 
their growth in vivo when implanted into an animal is an impor- 
tant step toward identifying promising gene therapy candidates. 
The results observed with the A/M/N/53 virus in Fig. 5 demon- 
strates that complete suppression is possible in an in vivo envi- 
ronment. The resumption of tumor growth in 2 out of the 4 
p53-treated animals at the lower moi most likely resulted from a 
small percentage of cells not initially infected with the p53 
recombinant at this dose. We did not analyze the resulting 
tumors for the presence of adenoviral genomes. The complete 
suppression seen with A/M/N/53 at the highr dose, however, 
shows that the ability of tumor growth to recover can be over- 
come. 
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p5 3/ Adenovirus in vivo efficacy 

Work presented here and by other groups (Chen et aL , I 990; 
TaJcahashi et aL, 1992) have shown that human tumor cells 
lacking expression of wild-type p53 can be treated ex vivo with 
p53 and result in suppression of tumor growth when the treated 
cells are transferred into an animal model. This report presents 
the first evidence of tumor suppressor gene therapy of an in vivo 
established tumor, resulting in both suppression of tumor 
growth and increased survival time. Deli very to tumor cells did 
not rely on direct injection into the tumor mass. Rather, p53 
recombinant adenovirus was injected into the rxritumoraJ 
space, and p53 mRNA expression was detected within the tu- 
mor. p53 expressed by the recombinants was functional and 
strongly suppressed tumor growth as compared to that of con- 
trol, non-p53-expressing adeiwvirus-treated tumors. However, 
both p53 and control virus-treated tumor groups showed tumor 
suppression as compared to buffer-treated controls. It has been 
demonstrated that local expression of tumor necrosis factor 
(TNF), interferons (IFN-7), interleukin (ILfc2, IL-4, or 0.-7 
can lead to T-cell-independent transient tumor suppression in 
nude mice (Hoch et al. t 1992). Exposure of monocytes lo 
adenovirus results in the release of TNF, and adenovirus virions 
are also weak inducers of IFN-a/0 (for review, see Gooding 
and Wold, 1990). Therefore, it is not surprising that we ob- 
served some tumor suppression in nude mice even with the 
control adenovirus. We did not observe this virus-mediated 
tumor suppression in the ex vivo control virus-treated Saos-2 
tumor cells described earlier. The p53-specific in vivo tumor 
suppression was dramatically demonstrated by continued mon- 
itoring of the animals in Fig. 7. The^survivaJ time of the p53- 
treated mice was significantly increased, with 5 out of 5 animals 
still alive more than 1 35 days after tumor cell inoculation com- 
pared to 0 out of 5 adenovirus control -treated animals. Two out 
of 5 mice continue to survive beyond day 170, more than twice 
the survival time of the longest-lived control vims and buffer- 
treated animals. The surviving animals still exhibit growing 
tumors, which may reflect cells not initially infected with the 
p53 recombinant adenovirus. Higher or more frequent dosing 
schedules may address this. In addition, promoter shutoff 
(Palmer et aL, 1991) or additional mutations may have ren- 
dered these cells resistant to the p53 recombinant adenovirus 
treatment. 


Implications for gene therapy 

There will be over one million new cases of cancer diagnosed 
this year, and half that number of cancer-related deaths (Amer- 
ican Cancer Society, 1993). p53 mutations are the most com- 
mon genetic alteration asociated with human cancers, occurring 
in 50-60% of human cancers (Bartek et aL. 1991; Hollstein 
etaL, 1991; Levine, 1993). The goal of gene therapy in treating 
p53-deficient tumors is to reinstate a normal, functional copy of 
the wild-type p53 gene so that control of cellular proliferation is 
restored. p53 plays a central role in cell cycle progression, 
arresting growth so that repair or apoptosis can occur in re- 
sponse to DNA damage. The possibility of using p 53/ 
adenovirus to drive tumor cells into the apoptotic pathway is 
intriguing. Wild-type p53 has recently been identified as a 
necessary component for apoptosis induced by irradiation or 
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treatment with some chemotherapeutic agents (Lowe et al 
1993a,b). Due to the high prevalence of p S 3 mutations in hnl 
man tumors, it is possible that tumors which have become 
refractory to chemotherapy and irradiation treatments may haw " 
b ecome so due in part to the lack of wild-typep53. By mmgjy^ 
ihg functional p53 to these tumors, it is possible thatdieywili 
now become susceptible to apoptosis normally associate d with 

% DN A darnagejnd uced by radiation aiid' ch^nvuh^r^ 

One of the critical points in successful human tumor suppres- 
sor gene therapy is the ability to afreet a significant fraction of 
the cancer cells. Toward that goal, recombinant adenoviruses 
have distinct advantages over other gene delivery methods (for 
review, see Siegfried, 1993). Adenoviruses have never been 
shown to induce tumors in humans and have been safely used as 
live vaccines (Straus, 1984). Replkation^deficient recombinant 
adenoviruses can be produced by replacing the El region neces- 
sary for replication with the target gene. Adenovirus does not 
integrate into the human genome as a normal consequence of 
infection, thereby greatly reducing the risk of inseruooal mu- 
tagenesis possible with retrovirus or AAV vectors. This lack of 
stable integration also leads to an additional safety feature in 
that the transferred gene effect will be transient, as the extra- 
chromasomal DNA will be gradually lost with continued divi- 
sion of normal cells. Stable, high-titer recombinant adenovirus 
can be produced at levels not achievable with retrovirus or 
AAV, allowing enough material to be produced to treat a large 
patient population. Others have shown that aaenovinis-medi- 
ated gene delivery has a strong potential for gene therapy for 
diseases such as cystic fibrosis (Rosenfeld et al. t 1992; Rich 
etal., 1993) and a r antitrypsin deficiency (Lemarchand /rr o/. f 
1992). Although other alternatives for gene delivery, such as 
cationic liposome-DNA complexes, are also currently being 
explored, none as yet appear as effective as adenovinis-medi- 
ated gene delivery. 

Here, we have shown that recombinant adenoviruses ex- 
pressing wild-type p53 can efficiently inhibit DNA synthesis 
and suppress the growth of a broad range of human tumor cell 
types, including clinically relevant targets. Furthermore, we 
have shown that the recombinant adenoviruses can express p53 
in an in vivo established tumor without relying on direct injec- 
tion into the tumor or prior ex vivo treatment of the cancer cells. 
The p53 expressed is functional and effectively suppressed tu- 
mor growth in vivo and significantly increased survival time in a 
nude mouse model of human lung cancer. Although further 
studies are needed to ensure the safety of this method of gene 
delivery and address possible problems of immune responses, 
the data presented here strongK support the concept of adeno vi- 
rus-mediated P 53 gene therapyV p53^deficient tumors in hu- 


mans. 
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Gene therapy of cancer has undergone an explosive development 
at its infant stage during the past five years. It is an attractive 
biotechnology not because it has surpassed conventional cancer 
therapies but for its potential to provide scientists and clinicians with 
powerful tools to cure cancer through genetic manipulations. Due to 
the application of molecular biology techniques to cancer treatment, 
through intervention in the mechanisms of carcinogenesis, the field 
of cancer gene therapy is filled with opportunities for innovative 
design of therapeutic strategies. Based on an overview of the field, 
this article organises current technologies in cancer gene therapy 
into six major approaches: 

1) Genetic sequence-targeted therapies; 

2) Tumour suppressor gene therapy; 

3) Toxin or prodrug-activation gene therapy; 

4) Drug-resistance gene therapy; 

5) Cytokine gene therapy and tumour vaccination; 

6) Combinational gene therapy. 

On learning about these technologies, each of which may contain 
several distinct methodologies, it is easy to see that the field of cancer 
gene therapy is currently in a state of dynamic development. 

Exp. Opin. Invest Drugs (1995) 4(6):487-514 


Introduction 

Cancer is a disease of genes. There is ample evidence 
that carcinogenesis is a multistage process involving 
multiple genetic and epigenetic events in proto-onco- 
genes, tumour suppressor genes, and antimetastasis 
genes [1,2]. Chemicals, radiation, and viruses all can 
initiate cellular transformation by attacking genetic 
material, for example, activating proto-oncogenes or 
inactivating tumour suppressor genes. The initiated 
cells, promoted by epigenetic factors and further ge- 
netic alterations, can expand themselves and their 


defects: dysregulated terminal differentiation, lost con- 
trol of growth, and acquired resistance to cytotoxic 
effects. This expansion leads to preneoplastic lesions, 
which progress further through the process of epige- 
netic influence and genetic disorder and finally reach 
the stage of clinical cancer. 

Gene therapy of cancer is, therefore, a rational strategy 
for cancer treatment. The potential effectiveness of 
gene therapy is promised not only by its precise 
targeting at the mechanisms of the disease, but also by 
its genetic approaches which are based on rapidly 
advancing molecular biotechnology. 
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Of all of the gene therapy clinical protocols thus far 
approved by the federal regulatory agencies, more 
than 85% are cancer gene therapy trials, indicating that 
gene therapy of cancer currently has a particular favour 
for research, development, and application. 


j Abbreviations I 

f Ad: adenovirus | 
I AML: acute myeloblasts leukaemia jj 
jj APC: and gen -presenting cell ;i 
i| APC: adenomatosis polyposis cob' tumour suppressor gene jj 

araATP: adenine arabinonucleoside triphosphate ■ 

-araM: 6-methoxypurine arabinonucleoside ' . . j! 

BRCAl: breast and ovarian cancer susceptibility gene fi 

cdk: eye lin -dependent kinase |; 

O I K: cystic fibrosis transmembrane conductance regulator 

Cipl: cyclin -dependent kinase-interacting protein 1 

CML: chronic myelogenous leukaemia 

CTL: cytotoxic T-lymphocyte(s) 

DCC: deleted in colon cancer tumour suppressor gene 

G-CSF: granulocyte colony- stimulating factor 

GCV: ganciclovir 

GM-CSF: granulocyte -macrophage colony-stimulating factor jj 

GPAT: genetic prodrug-activation therapy ■ 

GSH: L-g-glutamy!-L-cy stein glycine 

GST: glutathiones-transferase 

HPV: human papilloma virus 

HSV-ffc: herpes simplex virus-thymidine kinase gene 

[FN: interferon 

IL: interleukin 

LAK: lymphokine- activated killer cell 
LLC: Lewis lung carcinoma 
MDR: multidrug resistance 
MDR: multidrug resistance gene 
MHC: major histocompatibility complex 
MnSOD: manganese superoxide 
MTS: major tumour suppressor 
NDP: nucleotide diphosphate 
Neo R : neomycin-resistant gene 
NF1: neurofibromatosis tumour suppressor gene 
PBL: peripheral blood lymphocyte(s) 
PFU: plaque- forming unit 
PKC: protein kinase C 
Rb: retinoblastoma susceptibility gene 
TCR: T-cell receptor 
TIL: tumour- infiltrating lymphocytes 
TNF-a: tumour necrosis factor- a 
Topo D : topoisomerase II 
VDEPT: virus-directed enzyme/prodrug therapy 

iVZV-tk: varicella-zoster virus thymidine kinase gene 
WAF1: wild-type p53-activated fragment 1 
VV77: Wilms tumour suppressor gene 


j 


There are several reasons for the explosive develop- 
ment of cancer gene therapy from experimental hy- 
potheses to clinical trials: 

• the discovery of the genetic basis of cancer inspired 
the development of genetic approaches to cope 
with the disease; 

• the availability of gene or antigene manipulation 
technology which was promoted by successful gene 
therapy of somatic or metabolic genetic diseases; 

• the unsatisfactory status of conventional cancer 
therapies; and 


• the desperation of patients who are willing to try 
novel therapies in the face of a life- threatening 
disease. 

Diverse strategies and innovative approaches to cancer 
gene therapy have been developed. Figure 1 depicts 
the current major methodologies of cancer gene ther- 
apy. Despite the great potential and rapid advances in 
this technology, the development of cancer gene 
therapy remains at a very early stage. The objective of 
this review is to present an overview of the current 
state of the field, which may be used as a reference 
for understanding the prospects of cancer gene ther- 
apy. 
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Figure 1 : Major approaches of gene therapy for cancer. Shown is a digrarnrnaoc summary of the strategies of cancer gene therapy. 
A hypothetical tumour located in the lung is depicted either as a source for cancer cell isolation or as a target for gene transfer. Each 
approach is discussed in detail in the text. GPAT, genetic prodrug- activation therapy: HS V-tk: herpex simplex virus- thymidine kinase 
gene: GCV: ganciclovir. MDR: multidrug resistance gene; Taxol. paclitaxel; TCR: T-ceU receptor; Oligos: oligodeoxynucleoodes. 
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Genetic sequence-targeted therapies 

The pasi five years have witnessed a rapid develop- 
ment of genetic sequence-targeted therapeutic agents. 
The significant advances in research of gene regulation 
of cells and molecular mechanisms of diseases have 
given pharmaceutical scientists a rational basis for the 
design of drugs that target genetic sequences through 
specific recognition of and by hydrogen bonding 
between complementary bases. 

Along the pathway for genetic information flow from 
DNA to protein, several interventions have been de- 
veloped to modulate gene expression and regulation. 
Examples include: 

• triplex formation of oligonucleotides with double- 
stranded DNA to block transcription; 

• antisense oligonucleotides. 

• antisense RNA binding single -stranded DNA or 
mRNA to interfere with transcription, splicing, and 
translation; 

• ribozymes specifically binding and cleaving target 
mRNA. 

All of these approaches have been demonstrated to be 
effective in cellular treatments or even in animal 
models. Their applications for cancer gene therapy are 
under investigation. Besides these, new approaches 
are under development, such as oligonucleotides co- 
valently linked to an intercalating agent or to a nucleic 
acid-cleaving reagent [31, peptide nucleic acids, which 
possess both antisense and antigene properties [4], and 
sense oligonucleotide to block transcription factors 
competitively, or site-specific DNA-binding proteins to 
block the transcription of oncogenes [51. On antisense 
approaches to cancer gene therapy, a recent review 
published in Cancer Gene Therapy provides additional 
references for and future directions of this type of 
technology [6L 

Antisense oligonucleotides 

The first antisense oligonucleotide to be administered 
to humans. ISIS 2105, is in Phase II clinical tests [7]. 
The rapid progress in the development of antisense 
oligonucleotide drugs has been attributed to the syn- 
thetic oligonucleotide technology, which allowed 
creation of a variety of modified oligonucleotides to 
cope with the rapid degradation of regular oligonu- 
cleotides by nucleases in vivo\S]. The most promising 
of the modified ones are phosphorothioate oligonu- 
cleotides, which have been shown to be effective 
against cellular RNA and have attractive pharmacoki- 
netic and toxicological properties in animals 19.101. 


Anti-oncogene oligonucleotides have been demon- 
strated in a variety of cancer cell lines to inhibit 
effectively the activities of different oncogenes or 
proto- oncogenes, such as c-abl, c-fos t c-fes. c-fms, 
c~kit, c-myb, c-mvc, c-raf c-src, and ras [9.11,12]. 
Specific inhibition of p210 mRNA of the bcr-abl fusion 
gene in chronic myelogenous leukaemia (CML) by 
antisense oligonucleotides is an often cited example 
[13,14]. Inhibition of gene expression and tu- 
rn ourigenicity by antisense oligonucleotides has also 
been shown in several rumour or other animal models 
[151. 

In 1992, an antisense oligonucleotide designed to 
block expression of the p53 gene was administered 
systemically to a patient with acute myeloblasts leu- 
kaemia (AML) [16]. This was based on the previous 
observation that p53, though being currently consid- 
ered as a tumour suppressor, was correlated with the 
proliferation of AML blast stem cells [17]. No major 
toxicity was detected from this patient after given a 
ten-day infusion of the anti-p53 oligonucleotide at a 
dose of 0.05 mg/kg/hour (total dose: 700 mg). This led 
to a Phase I dose escalation study with more patients. 
The 20-mer anti-p53 (exon 10) oligonucleotides had a 
strong inhibitory effect on the in vitro growth and 
viability of leukaemic blasts from more than thirty 
patients with AML as compared with medium alone, 
or with two oligonucleotide controls. 

The mechanism by which antisense oligonucleotides 
inhibit gene expression has not been clearly demon- 
strated by in vivo evidence. The initial thought was that 
they bound to target mRNA and induced translation 
arrest [18]. This mechanism may be of importance 
when the antisense oligonucleotides are targeted to 
the translation start codon. The oligonucleotides tar- 
geting coding sequences of mRNA may induce RNase 
H to cleave the DNA-bound RNA, inhibiting translation 
[191. Several other mechanisms have been postulated: 

• the antisense oligonucleotides interfere with tran- 
scription by hybridising to single-stranded DNA; 

• they inactivate splicing by binding to hnRNA splic- 
ing sites; 

• they block RNA transportation from nucleus to 
cytoplasm; and 

• they inhibit the initiation translation by binding to 
ribosomal subunit entry sites. 

Precise molecular targeting mechanisms position an- 
tisense oligonucleotides as a type of 'informational 
drug\ Their efficacy in suppressing gene expression 
has been well established but does not eliminate the 
pharmacokinetic limitations conferred by the anificial- 
oligomer nature of the drugs. Lack of delivery speci- 
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ficiry. instability in vivo, preferential accumulation in 
liver and kidneys, low cellular uptake efficiency, and 
short retention of effective concentrations within cells 
are the major problems to be resolved for using 
antisense oligonucleotides systemically or semi-sys- 
temically in the clinic. Although the entry of the 
oligonucleotide into cells has been shown through 
receptor-mediated endocytosis [20,21] or recently via 
protein kinase C (PKC)-dependent pinocytosis 122], the 
internalisauon pathways cause the drugs to be retained 
or destroyed in the cellular vesicle system, limiting 
their ability to reach action sites at an effective concen- 
tration. The receptor-mediated pathway also poses the 
potential problem that drug uptake will be dependent 
on the availability of the receptor on the cell surface. 

Current approaches to improving the in vivo stability 
and delivery of antisense oligonucleotides range from 
modification of oligonucleotides to construction of 
oligonucleotide-liposome complexes [231- Examples 
include end modification [24], lipophile conjugation 
[25], polylysine conjugation with liposome encapsula- 
tion [26], and linking of antibodies with oligonu- 
cleotide-liposome complex [27]. At one time, 
researchers wondered whether antisense oligonu- 
cleotides were the real 'magic bullet', but the evidence 
collected thus far does not support this [121. It is 
feasible that they could become novel antiviral agents, 
but much more development is needed before they 
can confidendy be called a new type of anticancer 
agent. Additional information can be obtained in a 
recent review on this subject [28]. 

Antisense RNA 

Antisense RNAs occur naturally in prokaryotic and 
eukaryouc cells. They have been shown to play regu- 
latory roles in several cellular processes, including 
DNA replication, transcription, RNA processing, and 
translation, all through a base-pairing mechanism 
[29,301. Their ability to inhibit gene expression specifi- 
cally led to the use of artificial antisense RNA to study 
biological function in both prokaryotic and eukaryotic 
systems [31 .32]. This was soon exploited for the devel- 
opment of new approaches for therapy against viruses 
and cancer. 

Antisense RNAs in their DNA template forms can be 
constructed in expression cassettes, carried by plas- 
rnids or viral vectors, and produced either constitu- 
tivelv or following induction in targeted cells. In this 
aspect, antisense RNAs have an obvious advantage 
over antisense oligonucleotides, since their templates 
can be efficiently delivered into target cells by viral 
vectors or other means and their active forms can be 
produced within the cells in a controllable manner by 
different promoters. 


Suppression of transcription or translation of proto-on- 
cogenes or oncogenes by antisense RNA has been 
successfully demonstrated on c-/os [331, c- myc [34], and 
K-ras [351. in each case leading to reversion of the 
transformation phenotypes of the target cells. The 
K-ras experiment used a novel design of the antisense 
RNA template in which a 2 kb K-ras genomic fragment 
containing the first and second exons with the first 
intron in between was used for specifically attacking 
K-ras mRNA. This strategy was further utilised for 
generating an anti-K-ros recombinant retrovirus (36). 
The virus was shown to have a strong inhibitory effect 
on the growth and tumourigenicity of human lung 
cancer cells that have a mutated K-ras. 

It was also shown greatly to reduce tumour formation 
in mouse models of orthotopic human lung cancer [371. 
These findings led to the development of a clinical trial 
protocol that has been approved by the N1H for the 
treatment of unresectable lung cancer by direct intra - 
tumour injection of the anti-K-ros recombinant 
retrovirus. • 

A set of mechanisms for the activity of antisense RNA 
have been proposed that are very similar to those for 
antisense oligonucleotides: 

• the anusense RNA interferes with transcription; 

• it blocks RNA splicing and exportation; 

• it inhibits translation; and 

• it induces RNase III to cleave double-stranded RNA 
after binding to target mRNA. 

In vivo evidence of these mechanisms has not been 
found. Double-stranded RNA complexes have rarely 
been isolated. There are unique problems associated 
with the antisense RNA approach, such as the forma- 
tion of self-inhibitory secondary structure, the degra- 
dation by nuclease, and the variations in expression 
level and persistence. Further development of this 
approach will focus on optimising regulation of anti- 
sense RNA expression and producing targeted, effi- 
cient delivery for DNA constructs. 

Antigene oligonucleotides 

The antigene oligonucleotide approach extends from 
the strategy of anusense oligonucleotides. Antigene 
oligonucleotides bind to double-stranded DNA 
through Hoogsteen hydrogen bonding [381, which, 
distinct from Watson-Crick base-pairing, occurs be- 
tween polypurine or polypyrimidine oligodeoxynu- 
cleotides and double-stranded polypurine or 
polypyrimidine stretches in DNA. Antigene oligonu- 
cleotides occupy the major groove of the DNA helix 
and specifically suppress the activities of targeted 
genes. The biological effects of antigene oligonu- 
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cleotides were first shown by their blocking the access 
of sequence-specific proteins to the S3me or neigh- 
bouring sequences 139.401. Homopyrimidine oligonu- 
cleotides bound to the homopurine-homopyrimidine 
sequence inhibited restriction enzyme cleavage and/or 
methylation by methylases. Binding- of a transcription 
factor, Spl, was inhibited by a triplex-forming oligonu- 
cleotide that overlapped the Spl binding site by four 
base pairs. Specific inhibition of transcription by for- 
mation of triplex complexes was demonstrated in the 
transcription assays of the human c-myc gene in vitro 
[4 11 and the interIeukin-2 (IL-2) receptor gene in vivo 
[421. 

Two major types of DNA triplexes have been de- 
scribed: intramolecular and intermolecular [431. In an 
intermolecular triplex, a separate third strand associ- 
ates with a target duplex DNA. In an intramolecular 
triplex, the third strand is a portion of one of the strands 
of the duplex that has folded back to associate with 
the purine-pyrimidine tract. The triplex DNA structures 
have been confirmed by x-ray crystallography, nuclear 
magnetic resonance, ultraviolet absorption spectro- 
scopy, circular dichroism, enzymatic probing, and 
chemical probing (431- 

The antigene strategy requires that the target sequence 
be accessible within the chromatin structure in the 
nucleus. It was shown that the oligonucleotide can 
reach the nucleus of cells that are incubated with a 
micromolar concentration of the oligonucleotide [44], 
but a large part of the oligonucleotide remained 
trapped in eridocytic vesicles and was not available to 
induce biological effects. Efforts to improve cellular 
uptake of antigene oligonucleotides have been similar 
to those used for antisense oligonucleotides. To in- 
crease stability, nuclease-resistant oligonucleotides, 
such as oligo-[a]-deoxynucleotides, which can be syn- 
thesised with the a-anomers of nucleotide units, have 
been applied [45]. Strategies for improving the effec- 
tiveness of antigene oligonucleotides include: 

• modification of oligonucleotides with unnatural 
residues [431; 

• linkage of oligonucleotides with intercalating or 
cross-linking agents; and 

• conjugation with reactive groups such as cleaving 
reagents [46]. 

The antigene oligonucleotide approach is in the early 
development stage. It has constraints similar to those 
of antisense oligonucleotides, e.g., instability, lack of 
delivery specificity, low efficiency' of cellular uptake, 
and inability to sustain effective concentrations in 
target cells. Besides, its activity is limited to the avail- 
ability of polypurine stretches in the targeted gene. If 


these weaknesses can be overcome, the antigene 
oligonucleotide strategy is potentially useful for cancer 
gene therapy. 

Ribozymes 

Ribozymes are RNA molecules that possess specific 
catalytic activities [47]. Among different types of ri- 
bozymes [48,491, the best characterised group for the 
purpose of gene therapy is the hammerhead ri- 
bozymes. The consensus hammerhead model consists 
of three base-paired stems, I, II, and III, and a core 
region in which thirteen residues are strictly conserved 
for cleaving immediately 3' to any GUX sequence 
(where X is C, A, or U). 

In the design and construction of a hammerhead 
ribozyme, specific sequences can be introduced in 
stems I and III that impose complementary recognition 
between the ribozyme and target RNA. Hammerhead 
ribozymes can perform a true enzymatic reaction, 
during which a substrate is cleaved and the ribozyme 
itself is not altered, thereby enabling multiple reaction 
cycles. 

The utility of hammerhead ribozymes specifically de- 
signed for inhibiting oncogene activities has been 
demonstrated by anti-new ribozymes [50,51]. In one 
study, a ribozyme was specifically designed to cleave 
the H-ras mRNA at the mutated codon 12 in human 
bladder carcinoma EJ cells. The ribozyme, encoded by 
a synthetic DNA, was carried by a eukaryotic expres- 
sion vector and transfected into EJ cells. The expressed 
ribozyme significantly altered the morphology and 
suppressed the growth of the EJ cells in vitro. Reduc- 
tions in the expression of H-ras rnRNA and p21 protein 
in the EJ cells were shown in reciprocal by the increase 
in expression of the ribozyme RNA. The tumourigenic 
potential of the EJ cells was gready inhibited by the 
ribozyme in a mouse model. Another study used a set 
of similar ribozymes also targeted at the mutated codon 
12 of the H-ras mRNA. Plasmids containing the ri- 
bozyme-encoding sequences were stably transfected 
in NIHT3 cells, which were then transfected with the 
activated H-ras gene. The ribozymes were found to 
inhibit transformation of NIH3T3 cells by the H-ras 
oncogene. Both of the studies suggested that anti-on- 
cogene ribozymes may be developed as a new class 
of anticancer agents. 

Like other RNA molecules, exogenous ribozymes in 
target cells suffer from rapid degradation by nucleases, 
which can directly af feet the concentration of the 
ribozymes and subsequent cleavage efficacy. Attempts 
have been made to increase the stability of the ri- 
bozymes by modifying their primary structure, for 
example, by adding an extra sequence at the 3' end of 
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the molecules [52]. Slow turnover of ribozymes, a result 
of strong binding between the substrate RNA and 
ribozymes. is another drawback that affects their effi- 
ciency as enzymatic drugs, making them behave more 
like anusense RNA in cells. Targeted delivery of ri- 
! bozyme constructs to cancer cells in vii>o remains to 

j be developed. A retroviral vector has been used to 

f cany a ribozyme sequence in the development of an 

anti-HIY agent [531- The use of adeno-associated vinos 
vectors to carry ribozyme constructs specific for bind- 
ing and cleaving the E6 and E7 transcripts of human 
papillomavirus has been reponed [54], and efficient 
i cleavage of the cognate targets in vitro were demon- 

strated under a variety of conditions, including at 
physiological temperature. Further research and devel- 
opment of ribozyme-mediated in vivo cleavage of 
target transcripts of oncogenes or HIV may lead to 
clinical trials of this type of approach. 

Tumour suppressor gene therapy 

The genetic bases of cancer include abnormalities in 
oncogenes and/or tumour suppressor genes. Both 
types have been the targets of cancer gene therapy. 
Because the cancer-related defects of tumour suppres- 
sor genes are usually mutations or deletions, the 
strategy in tumour suppressor gene therapy thus far 
developed has been gene replacement therapy: a 
wild-rype tumour suppressor gene is transferred into 
cancer cells to restore the normal function of the 
j defective gene. Although this approach appears to be 

! straightforward and logical, it does have several tech- 

nical hurdles to overcome: 

• crucial defective gene(s) must be identified for a 
given type of cancer in order to reverse the malig- 
nant phenorype or induce a tumouricidal effect; 

• a highly efficient and targeted delivery system is 
required; 

• the therapeutic gene needs to be delivered into 
enough target cells to elicit a bystander effect; and 

• expression of the therapeutic gene must be control- 
lable and not harmful to normal cells. 

Moreover, taking into account the fact that cancer is 
not a monogenic disease, and often comprises multiple 
lesions in different oncogenes and tumour suppressor 
genes, it is reasonable to assume that replacement of 
a single gene will not always be sufficient to reverse 
the malignant phenorype. However, the current sin- 
gle-gene replacement therapy has provided encourag- 
ing data that support further development of this 
approach. 


Tumour suppressor genes 

The fusion of normal and malignant tumour cells has 
led to the suppression of tumourigenicity in many 
different combinations. This phenomenon provided 
the first evidence that the normal genome might 
contain 'recessive cancer genes' 1551- Following the 
identification and cloning of the retinoblastoma sus- 
ceptibility (Rb) and p53 genes, the field has progressed 
exponentially. Although tumours develope through 
multiple changes in several genes, a malignant pheno- 
rype has been reversed by the introduction of a single 
chromosome derived from a normal cell, suggesting 
that a single suppressor gene may be able to overcome 
the effects of multiple rumour progress ion -related cy- 
togenetic changes [56]. The human tumour suppressor 
genes that have been cloned and characterised include 
Rb % Wilms tumour (l£77), and neurofibromatosis 
(TVFi), which are involved in paediatric cancers; ade- 
nomatosis polyposis coli (APQ and deleted in colon 
cancer (ZXTO, which contribute to colorectal cancer; 
and p53, which is found in mutated forms in a wide 
range of human cancers. More recently, the develop- 
ment of animal models using methods to knock out 
tumour suppressor genes has demonstrated that dis- 
ruption of either the Rb or p53 gene yields mice that 
are prone to cancer formation [57]. Understanding 
these mechanisms has provided the basis for direct 
gene replacement therapy, by which abnormal tumour 
suppressor genes can be corrected. 


Retinoblastoma susceptibility (Rb) gene 

The Rb gene has been shown to be inactivated in 
virtually all retinoblastomas as well as in a number of 
adult tumours, such as small cell lung cancer and 
cancers of the breast, prostate, and bladder. The Rb 
gene product, in its unphosphorylated form, appears 
capable of blocking the cell cycle in the Gl phase, 
thereby maintaining cells in a quiescent state. Rb is 
inactivated by phosphorylation; the cell is allowed to 
proceed to DNA replication and mitosis [58]. Although 
genetic events other than /?b abnormalities may initiate 
malignant transformation, loss of the Rb protein can 
remove a residual checkpoint of cell -cycle control, 
thereby further promoting the growth and/or progress 
of cancer cells. 

Introduction of the normal Rbgene into retinoblastoma 
or osteosarcoma cells with inactivated endogenous Rb 
genes affected cell morphology, growth rate, soft agar 
colony formation, and rumourigeniciry in nu/nu mice 
[591- A similar activity has been shown in human 
prostate carcinoma cell lines. These findings suggest 
that the normal /?b-encoded protein may be used 
clinically for adult neoplasms [60]. 
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pS3 gene 

Named the molecule of the year' in 1993 by the journal 
Scietice % the p53 tumour suppressor gene has been at 
the centre stage of cancer research, attracting the 
attention of biologists and clinicians. Of all the known 
genes with therapeutic potential in cancer, p53 is the 
most extensively studied [61,62]. Mutations to the p53 
gene and allele loss on chromosome 17p, where this 
gene is located, are among the most frequent altera- 
tions yet identified in human malignancies. The p53 
protein is highly conserved through evolution and is 
expressed in most normal tissues. Wild-type p53 has 
been shown to be involved in control of the cell cycle 
[63,64], transcriptional regulation [65,66], DNA replica- 
tion [67,681, and induction of apoptosis [69-71]. The 
wild-type p53 gene can suppress cell transformation 
and neoplastic cell growth [72-75]. Overexpressiori of 
the p53 gene product is associated with mutations in 
p53 and significandy correlates with a poor prognosis 
176,77]. In addition to somatic mutations, it has also 
been reported that germ-line p53 mutations were 
associated with Li-Fraumeni syndrome, a familial can- 
cer disease [78]. In studying the mechanism by which 
the p53 protein plays a role in cell-cycle control, a 
p53-regulated 21 kDa protein was identified as cyclin- 
dependent kinase- interacting protein 1 (Cipl) or wild- 
type p53-activated fragment 1 (WAF1) by two 
independent groups [79,80]. These studies not only 
revealed a Gl cyciin-dependent kinase control by p53 
through p21, but also connected the p53 function to 
that of Rb through p21 and Gl cyciin-dependent 
kinases. The mechanisms of action of the p53 tumour 
suppressor and prospects for cancer gene therapy by 
reconsutution of p53 function were discussed in a 
recent review [81]. 

Other tumour suppressor or cancer susceptibility 
genes 

The DCCand nm23 genes are also candidates for gene 
replacement therapy, for colon cancer and metastatic 
cancers, respectively. The DCC gene product has 
sequence homology to fibronectin-like cell adhesion 
molecules. The deletion of this gene, which is involved 
in the transmission of signals generated by cell inter- 
actions, is thought to be a relatively early event in the 
development of colon cancer [82]. The nm23 gene is 
considered to be a metastasis suppressor gene and to 
encode nucleotide diphosphate (NDP) kinase. Some 
types of rumour cells transfected with this gene lost 
their metastatic potential when applied in animal 
models [83,84]. Recently, two major events occurred in 
the area of identification of new tumour suppressor 
genes or cancer susceptibility genes. First, two highly 
related members of the cyciin-dependent kinase (cdk) 
inhibitor family, termed p;6(major tumour suppressor 
1. AfTSl) and pi 5 (A/732), were isolated from the 


chromosomal region 9p21 [85,861. Second, a strong 
candidate for the breast and ovarian cancer suscepti- 
bility gene BRCA 1 was identified [87]. While pJo'was 
shown to be deleted or mutated in a wide range of 
cancer cell lines, pi 5 was shown to be a potential 
effector of TGF- (J- induced cell cycle arrest [88]. Despite 
some challenges to the pi6gene as a major tumour 
suppressor [891, further studies demonstrated that al- 
teration or deletion of pl6 and pl5 did occur in 
different types of primary tumours at a lower frequency 
than that in tumour cell lines [90-93]. Applications of 
these new genes in cancer therapy will depend on 
further research. 

Tumour suppressor gene therapy 

The germ cells of patients with Li-Fraumeni syndrome 
are heterozygous for wild-type and mutant p53. 
whereas the tumours of these patients are homozygous 
for mutant p53- Mice that have a homozygous deleted 
p53 developed a variety of tumours as early as six 
months of age, whereas, the heterozygous mice that 
contain one wild-type p53 allele developed tumours 
at a reduced frequency and at a slower rate [57]. These 
observations suggest that the reintroduction of a single 
copy of the wild-type p53 gene may be able to reverse 
malignant phenotypes in tumour cells. Several studies 
demonstrated that expression of the wild-type p53 
gene suppressed proliferation of human rumour cell 
lines that lack p53 or express mutant p53 in vitro 
[73-75,94]. In vivo experiments in nude mice also 
showed that tumour cells expressing wild-type p53 are 
no longer tumourigenic or are less tumourigenic than 
parental cells. 

The research in this area is progressing rapidly and has 
demonstrated that the restoration of wild-type p53 
function in tumour cells could be a very efficient 
approach to cancer therapy. The early experiments 
showed that intratracheal instillation of retrovirus con- 
taining wild-type p53 prevented the growth of estab- 
lished orthotopic human lung cancer in nu/nu mice. 
Further studies, using a multicellular tumour spheroid 
model, also showed evidence that retroviral vectors 
were capable of penetrating into three-dimensional 
structures and that exposure of spheroids to a retroviral 
vector expressing wild-type p53 induced programmed 
cell death in lung cancer cells 195]. These findings 
suggest that this gene replacement technique may be 
useful as an adjuvant in eliminating residual cancer 
cells following surgery and primary radiation of lung 
cancer. Moreover, this approach is feasible for other 
tumours such as colon cancer, which is also frequently 
associated with p53 mutations. Mutations in p53 are 
found in Barrett s epithelium, the premalignant precur- 
sor lesion to adenocarcinoma of the oesophagus, and 
are frequently associated with second primary cancers 
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of the aerodigestive tract [96.97]. This raises the intrigu- 
ing possibility that cancer could be prevented by 
reversing genetic mutations in premalignant lesions 
with local-regional instillation of viral vectors. 

To achieve a more efficient delivery of the p53 gene 
into lung cancer cells in vivo, a replication-defective 
and helper-independent recombinant p53 adenovirus 
was generated [98]. The virus, Ad5CMV-/>53, carries an 
expression cassette that contains human cytomega- 
lovirus El promoter, human wild-type />53cDNA, and 
SV40 early polyadenylation signal. Human non-small 
cell lung cancer cell lines representing different p53 
configurations were used to evaluate the expression 
N of the Ad5CMV-p53 virus. In the H358 cell line, which 
has a homozygous deletion of p53, the p53 gene was 
transferred with 95 - 100% efficiency, as detected by 
immunohistochemical analysis, when the cells were 
infected with Ad5CMV-p53at a multiplicity of infection 
of thirty' to fifty plaque-forming units (PFUVcell. West- 
em blots showed that the p53 protein was expressed 
at a high level in these cells. Growth of the lung cancer 
cells with p53 deletion or mutation was greatly inhib- 
ited by Ad5CMV-p53, while that of the cell line con- 
taining wild-type p53 was less affected. 
Tumourigenicity tests in nude mice demonstrated that 
Ad5CMV-p53 prevented tumour formation [991. Induc- 
tion of apoptosis was shown to be one of the mecha- 
nisms for the tumouricidal effect of Ad5CMV-p53 [100]. 
The Ad-mediated p53 gene transfer has also been 
demonstrated to be effective in suppressing tu- 
mourigenicity in different animal models [101,102]. 
These results suggest that adenovirus is an efficient 
vector for mediating transfer and expression of tumour 
suppressor genes in human cancer cells and that the 
p53 Ad may be further developed into an effective 
therapeutic agent in cancer. Clinical trials of Ad-medi- 
ated p53 gene transfer for treatment of lung, head and 
neck, and liver cancers are underway. 


Toxin or prodrug-activation gene therapy 

Toxin gene transfer into cancer cells represents a 
straightforward approach in cancer gene therapy. The 
therapeutic index will be largely dependent on the 
specificity of gene delivery and efficiency of gene 
xi^nsfer in vivo to target tumour cells. Genetic prodrug- 
activation therapy (GPAT) represents a seleaive ge- 
netic strategy against cancer. This involves delivery of 
a prodrug activating enzyme gene into both tumour 
and normal cells. By linking the enzyme gene down- 
stream of tumour-specific transcription units, tumour- 
specific prodrug activation can be achieved. For a 
detailed review on the prodrug-activation genes for 
seleaive cancer chemotherapy, reference is made to a 
recent article in Cancer Gene Therapy [103]. 


Toxin gene therapy 

Cell killing by expression of the diphtheria toxin A 
chain coding sequence has been demonstrated in vitro 
11041 and in animals [105,106]. Diphtheria toxin is an 
extremely potent inhibitor of protein synthesis in 
eukaryotic cells. It has been estimated that one mole- 
cule of diphtheria toxin A per cell is sufficient to kill 
murine L cells [107]. The toxin is composed of two 
subunits. The B chain (342 amino acids) is adsorbed 
to the cell surface for intemalisation and the A chain 
(193 amino acids) specifically modifies histidine resi- 
dues of elongation faaor 2 by ADP-ribosylation, which 
prevents protein synthesis and kills the cell. Expression 
of the toxin may be induced by Jinking the diphtheria 
toxin A coding sequence with tissue-specific transcrip- 
tion regulatory elements (promoters and enhancers). 
This approach has been tested in B-lymphoid cells, in 
which a plasmid was transfeaed that contained the 
diphtheria toxin A chain coding sequence under con- 
trol of the engineered immunoglobulin kappa light 
chain gene regulatory sequences [108]. This construa 
specifically expressed diphtheria toxin A in mature 
B-cells but not in pre-B-cells, suggesting that the 
construa may be further developed to allow therapeu- 
tic ablation of malignant B-cells of mature stages while 
sparing normal progenitor cells. 

A similar method used Pseudomonas exotoxin, which 
was conjugated with IL-4 to treat murine sarcoma and 
colon adenocarcinoma cells that express high-affinity 
IL-4 receptors [1091. The chimeric IL-4 Pseudomonas 
exotoxin protein was shown to be cytotoxic to the 
tumour cells by inhibiting cellular protein synthesis in 
a dose-dependent manner. A nonchimeric Pseudo- 
monas exotoxin protein that could not bind to the ILA 
receptor did not inhibit protein synthesis in tumour 
cells. A chimeric mutant protein that could bind to IL-4 
receptor but did not have the capacity to inhibit protein 
synthesis was not cytotoxic to tumour cells. The pro- 
tein synthesis-inhibitory activity of the ILA/Pseudo- 
monas exotoxin fusion protein could be completely 
abolished by a neutralising antibody to IL-4. These data 
suggest that a receptor-mediated toxin therapy might 
be effective. 

A new approach in the technology of toxin gene 
therapy is transfer of the E1A gene of the type-5 
adenovirus into tumours. The E1A protein has been 
shown to be able to induce apoptosis [110,111]. This 
protein was also shown to suppress expression of the 
HER-2/neu proto-oncogene in cancer cells [112]. The 
frequent amplification or overexpression of the HER- 
2/neu gene, observed in. different types of human 
cancer, has been shown to correlate with shorter 
survival time or lower survival rate in ovarian cancer 
patients. Based on these observations, a strategy to use 
E1A as a therapeutic gene for treatment of ovarian 
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cancers thai overexpress HER-2/neu was developed 
11131. 

Prodrug-activation gene therapy 

Prodrug-activation gene therapy is based on the intro- 
duction of a drug sensitivity gene into target cells, 
which are then killed by administration of the drug at 
doses that are not detrimental to normal cells. One 
such 'prodrug-activatiori gene that has been success- 
fully used to confer drug sensitivity in an animal model 
system is the herpes simplex virus thymidine kinase 
gene (HSV-rt). The HSV-TK enzyme can specifically 
catalyse the phosphorylation of a number of nucleo- 
side analogues, such as acyclovir or ganciclovir, which 
are poor substrates for the TK enzymes of mammalian 
cells [114]. The phosphorylated acyclic nucleoside 
becomes active when incorporated into newly synthe- 
sised DNA, resulting in a cytocidal effect by induction 
of DNA strand breaks and inhibition of DNA polym- 
erase activity 11151- 

In a syngeneic mouse model, subcutaneous tumours 
developed from the HSV-/fe-gene transduced tumour 
cells went into complete regression following in- 
traperitoneal administration of ganciclovir, while the 
tumours derived from the nontransduced tumour cells 
were not affected [116L An analogous approach has 
been taken for treatment of brain tumours in a rat 
model [1171. In these experiments, the HSV-tk 
retrovirus-producing cells were stereotactically in- 
jected into rat cerebral gliomas in vivo. The HSV-tk 
retroviruses generated from the producer cells were 
expected to infect the proliferating tumour cells pref- 
erentially, which would then be killed selectively by 
ganciclovir administered intra per itoneally. Indeed, 
complete regression of the glioma was observed in 
eleven of fourteen rats [1171. Since it was unlikely that 
all of the tumour cells became infected with the HSV-ffe 
retroviruses, it was suggested that this regression may 
have been due to a 'bystander effect'. This effect was 
demonstrated by a co-culture experiment in vitro, in 
which HSV-tk transduced human fibrosarcoma cells 
induced the ganciclovir-killing effect on non- 
transduced co-culture cells through a gap junction-me- 
diated metabolic co-operation [1181 Although the 
mechanism of the bystander effect in vivowzs not well 
understood, the remarkable success of this technique 
in the treatment of a very aggressive tumour that has 
an extremely poor prognosis when treated with con- 
ventional therapy has led to human clinical trials [1191 

The therapeutic approach called 'virus-directed en- 
zyme/prodrug therapy' (VDEPT) is another example 
of prodrug-activation gene therapy [1201 In treatment 
of hepatocellular carcinoma with VDEPT. the varicella- 
zoster virus thymidine kinase (VZV-ffc) gene, that was 
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transcriptionally regulated by either the hepatoma-as- 
sociated alpha-fetoprotein or liver-associated albumin 
promoters, was constructed into a retroviral vector. 
After infecting the cancer cells with this vector, non- 
toxic prodrug 6-methoxypurine arabinonucleoside 
(araM) activated by VZV-rt was expressed preferen- 
tially in hepatoma cells. The final product, adenine 
arabinonucleoside triphosphate (araATP), selectively 
induced cytotoxicity in the hepatoma cells that ex- 
pressed the gene. 

The gene encoding cytosine deaminase can also be 
used to prime cell death upon administration of a drug 
that is not normally toxic to eukaryotic cells [121]. 
Cytosine deaminase converts the nontoxic substance 
5-fluorocytosine to a toxic derivative, 5-fluorouracil. 
Thus, only genetically modified cells carrying and 
expressing the cytosine deaminase gene are able to 
synthesise 5-fluorouracil and induce the cytocidal ef- 
fect. Retrovirus-mediated cytosine deaminase gene 
transfer in various cell types has demonstrated this 
specific cell killing effect after treatment of the 
transduced cells with 5-fluorocytosine [122). 

Recent advances in this technology are improvements 
in enhancing tumour-killing efficacy and reducing 
side-effects on normal cells by tissue- or cell-specific 
expression of prodrug-activation genes. Several recent 
publications describe in detail the designs and appli- 
cations of this approach [123-1251- Also, experimental 
tumour therapy in mice using cyclophosphamide-acti- 
vating cytochrome P450 2B1 gene transfer into glioma 
models has been reported to sensitise the tumour cells 
to the cytotoxic effects of cyclophosphamide [1261. It 
was suggested that the in situ activation of cyclophos- 
phamide by cytochrome P450 2B1 may provide a novel 
approach for brain tumour gene therapy. 

Using radiation to sensitise tumour cells preferentially 
for gene therapy is a new approach [1271. Transcrip- 
tional regulation of the promoter/enhancer region of 
the Egr-1 gene can be specifically activated by ionising 
radiation. A plasmid construct, made by linking the 
promoter region of Egr-1 to tumour necrosis factor 
(TNF)-a, was stably transfected into a human hae- 
matopoietic cell line, which exhibited 3.2-fold induc- 
tion of TNF-a upon radiation at 20 Gy. The 
radiosensitising £gr-TNF cells were injected into hu- 
man xenografts of the radioresistant squamous cell 
carcinoma cell line SQ-20B in nude mice. Animals 
treated with the £jgr-TNF cells and radiation demon- 
strated an increase in tumour cures compared with 
animals treated with radiation alone or unirradiated 
animals given injections of the cells alone [1271. 
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Drug-resistance gene therapy 

This approach, also called chemoprotection, adopts a 
strategy that is the opposite of toxin or prodrug-acti- 
vation gene therapy. It protects drug-sensitive cells, 
such as bone marrow stem cells, from chemotherapeu- 
tic drugs with a drug- resistant gene, which allows the 
sensitive cells to survive treatment with 
chemotherapeutic drugs so that a maximal tumourici- 
dal effect can be achieved. A recent review article 
provides supplemental references for gene transfer of 
drug resistance genes and implications for cancer 
therapy 1128]. 


Multidrug resistance gene and other 
chemoresistant genes 

Chemoresistance is one of the principal obstacles to 
effective systemic treatment of cancer [1291- The high 
frequency of a phenomenon called multidrug resis- 
tance (MDR), seen both in the clinical treatment of 
cancer and in tissue culture models, suggests that 
cancer cells may have specific gene products that 
confer simultaneous resistance to many different kinds 
of anticancer drugs. When highly resistant cell clones 
were selected by sequential multiple drugs [130], a 
gene, named as MDRl y was isolated, and the level of 
4.5 kb mRNA in cells correlates with the degree of 
resistance [131). The MDR1 gene was soon shown to 
encode a 170 kDa membrane glycoprotein known as 
P-glycoprotein [132]. The predicted structure of the 
protein includes two groups of six transmembrane 
domains, with each group containing an ATP bind- 
ing/utilisation site within a cytoplasmic region. This 
identifies the P-glycoprotein as a member of the 
transporter superfamily (1331* which also includes the 
CFTR protein, a sex peptide transport system from 
yeast, and bacterial nutrient and polypeptide toxin 
transport systems. 

Morphological, biochemical, and physiological studies 
have shown that the product of the MDR1 gene is an 
ATP-dependent multidrug transporter [134]. Three in- 
dependent lines of investigation have provided evi- 
dence that P-glycoprotein is responsible for MDR in 
many instances: 

• the A1DR1 gene is overexpressed in a number of 
MDR cell lines [132,1351; 

• transfer and expression of the MDR1 gene is suffi- 
cient to induce MDR in drug-sensitive cells 
[136.137]; 

• expression of the human MDR] gene in transgenic 
mice has been shown to result in resistance to 
drug- induced bone marrow suppression [1381. 


Identification and characterisation of MDR1 and its 
product P-glycoprotein were the key steps that led to 
understanding of the mechanism of MDR. However, 
experimental observations have revealed that MDR is 
a heterologous cellular response to cytotoxic drugs, 
suggesting that the mechanism of MDR is more com- 
plex than may be hypothesised on the basis of the 
single P-glycoprotein [139]. There are multiresistant 
cell lines that do not express the P-glycoprotein, 
indicating that other drug-resistant mechanisms may 
exist [140]. Examples of proteins that confer drug 
resistance by some other mechanisms include protein 
kinases, glutathione- S-transferase. and topoisomerase 
II. 

An increase in the level of protein kinase C (PKC) was 
observed in the MDR cells of human mammary carci- 
noma. Treatment with phorbol esters, which activate 
PKC, increases resistance and reduces the intracellular 
accumulation of doxorubicin [14 1). Analogous results 
have been shown with AMP-dependent protein kinase 
A activity. Phosphoprotein changes accompanying the 
development of resistance to mitomycin C were de- 
lected in human colon tumour cells [142]. 

Glutathione- 5-transferase (GST) catalyses the coupling 
reaction of intracellular electrophiles with L-g-glu- 
tamyl-L-cysteinglycine (GSH). The multifunctional 
isozymes of GST, which are found in virtually all 
tissues, are involved mainly in phase II of liver detoxi- 
fication, in which xenobiotics are inactivated by GST 
through conjugation. Elevation of GST has been shown 
to be associated with the acquired resistance of cells 
to certain anticancer drugs [143]. Further studies 
showed that the elevated expression of GST correlated 
with increased resistance to alkylating agents [144,1451. 

The protein topoisomerase II (Topo n), also known as 
DNA gyrase, is responsible for the cytotoxicity of 
anthracycline, acridine. and etoposide, which exert 
their cytotoxic effect through the formation of a stable 
ternary complex of DNA-Topo II-drug that alters the 
processes of DNA duplication and transcription [146]. 
Different drugs have been shown to alter Topo II 
activities in different types of cancer [140]. In resistant 
leukaemia cell lines, the catalytic activity of Topo II 
was three to five times lower than that of the sensitive 
parental lines [147]. 

Chemoprotection 

Multidrug resistance is a major obstacle in cancer 
chemotherapy. Great research and clinical efforts have 
been applied to circumvent MDR activities since the 
MDR genes and their molecular mechanisms were 
discovered (1481. The wo most effective approaches 
thus far developed are combining chemotherapy either 
with chemosensi users that enhance the sensitivity of 
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target ceils to drugs or with immunotherapy that 
suppresses MDR protein activities. The consideration 
of MDR as a gene therapy application led to a third, 
very innovative approach, called chemoprotecuon. 
This approach exploits the MDR genes selectively to 
protect drug-sensitive normal tissues such as bone 
marrow. After transfer of one of these genes, dosages 
of anticancer drugs can be raised high enough to kill 
cancer cells by overcoming their drug resistance. 

This approach originated from work in the MDR1 
transgenic mouse model [138]. The high levels of 
MDR1 gene products expressed in the transgenic mice 
successfully protected the sensitive bone marrow from 
cytotoxic drugs. This effect was confirmed by trans- 
plantation of bone marrow from the transgenic MDR1 
mice to drug-sensitive mice, which conferred drug 
resistance on the recipient animal [1491- These results 
suggested that it might be possible to introduce the 
MDR1 gene into bone marrow ex vivo, making that 
bone marrow resistant to many drugs, and return it to 
the patient to increase tolerance of and response to 
high-dose chemotherapy. That expression of the trans- 
ferred MDR1 gene is stable and selective in mouse 
bone marrow has recently been demonstrated by two 
groups [130,1511. The MDR J gene was also shown to 
function as a dominant selectable marker in vivo, 
allowing a minority of genetically engineered bone 
marrow cells to be positively selected and enriched by 
the administration of cytotoxic drugs such as paclitaxel 
(Taxol) [1511. Chemoprotection from Taxol was evalu- 
ated in mice transplanted with AiD* J-modified bone 
marrow cells [1521. These mice showed resistance at 
doses of Taxol that were lethal to mice not transplanted 
with the MDR 1 -modified marrow. Taxol-resistant hae- 
matopoiesis was sustained through five consecutive 
transplants with MD/?7-modified marrow, showing that 
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fied and repopulated under selection by Taxol. Similar 
Taxol-resistant effects were also obtained with trans- 
plantation of human MDR1 cDNA-modified marrow 
cells into mice [1531. The success of chemoprotecuon 
in the animal models has led to the design of a clinical 
trial of chemoprotection against Taxol in advanced- 
stage human epithelial cancers, such as ovarian cancer, 
by using a similar approach of MD/?i-modified autolo- 
gous bone marrow transplantation. 

The dihydrofolate reductase gene was similarly used 
in a retroviral transfer into murine recipients to protect 
from methotrexate-induced cytopenia. The study dem- 
onstrated that mice transplanted with bone marrow 
cells infected with a retroviral dihydrofolate reductase 
expression vector showed improved protection from 
methotrexate-induced marrow toxicity and longer sur- 
vival than control mice; however, enrichment of 


transduced cells by in vivo selection could not be 
detected [1541. 

A new approach in treatment of cancer with protection 
of normal tissues is radioprotection. Overexpression 
of manganese superoxide (MnSOD) has been postu- 
lated as one possible mechanism of radioprotection for 
haematopoietic cells [1551. In this study, the human 
MnSOD gene constructs in both the sense and antis- 
ense orientation were transduced into K562 and A375 
cells by retroviral vectors. Results demonstrated that 
K562 cells transduced with MnSOD in the antisense 
orientation displayed increased sensitivity to irradia- 
tion and that, in contrast, A375 cells transduced with 
the sense MnSOD gene displayed increased resistance 
to irradiation compared to both parental or vector- 
transduced cells. It was proposed that administration 
of genetically engineered haematopoietic stem cells 
transduced with MnSOD alone or in combination with 
other antioxidant enzymes could allow for thepurging 
of tumour cells, using higher-dose irradiation ex vivo, 
and may improve the resistance of bone marrow cells 
during high-dose radio- or chemotherapy in vivo [1551- 


Cytokine gene therapy and tumour 
vaccination 


Major progress has been made in the understanding 
not only of the molecular niechanisms underlying 
carcinogenesis, but also of the complex relations be- 
tween cancer and the immune system. Among all of 
the approaches of gene therapy for cancer, cytokine 
gene therapy and tumour vaccination have a unique 
strategy that aims at utilising host immune responses 
to suppress or eliminate tumour cells, which is particu- 
larly important for metastatic cancers. Transfer of some 
cytokine or costimulatory factor genes has been dem- 
onstrated to induce immune responses protecting the 
animal against subsequent injection of parental tumour 
cells, and can even, in some cases, treat efficiendy 
animals carrying pre-existing parental rumours. The 
rapid advances in this methodology formed the basis 
for the recent elaboration of a fast increasing number 
of clinical trials using cytokine gene transfer for treat- 
ment of cancer. 


Genetic modulation of lymphocytes 

It was the genetic modification of lymphocytes by 
retrovirus-mediated gene transfer that initiated human 
gene therapy [156,1571. The reasons for choosing 
lymphocytes as gene-transfer recipients were: 

• lymphocytes are readily isolated from patients and 
cultured in vitro-. 
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• tumour-infiltrating lymphocytes were identified as 
a specific antitumor immunoeffector and their ki- 
netics in vivo needed to be studied; and 

• ethical and safety considerations required that 
retrovirus-mediated gene transfer first be tested 
through an ex vivo approach. 

The clinical trials in which lymphocytes were used to 
carry a marker or therapeutic gene actually started the 
exvivogene transfer technology that is now very useful 
in various cancer gene therapies, such as gene-modi- 
fied autologous tumour cell vaccination. 

Gene marking in tumour-infiltrating lymphocytes 

Tumour- infiltrating lymphocytes (TIL) are lymphoid 
cells that accumulate in tumour masses. TIL are isolated 
from resected tumours by incubation of the heteroge- 
neous single cell suspension derived from tumours 
with IL-2 [158,1591. Some TIL have the ability to 
recognise antigens associated with autologous tumour 
and to kill tumour cells, as well as secrete cytokines 
[l60,l6l]. In one animal model in which lymphokine- 
activated killer cells (LAK) are relatively ineffective, TIL 
were shown to mediate the regression of established 
tumour deposits with a potency fifty to one hundred 
times that of LAK cells (158). In clinical trials, it was 
possible to grow TIL from approximately 50% of the 
tumours, and these TIL kill autologous tumour cells 
from approximately one-third of patients with mela- 
noma [159,162]. Studies of the distribution of TIL 
following intravenous injection demonstrated that TEL 
could accumulate in tumour deposits [163,164]. Among 
more than fifty patients with metastatic melanoma who 
underwent TIL adoptive therapy, 38% demonstrated 
an objective regression; however, these responses 
were of short duration [165). Both animal and clinical 
data suggested that TTL may be geneucally modified 
to improve their antitumor therapeutic effectiveness. 

Gene marking was used in the first phase of the genetic 
modification of TEL. The cells were transduced with 
the neomycin-resistant gene (Afeo*) by retrovirus- me- 
diated gene transfer and introduced into humans for 
study of their long-term distribution and survival 
[156.166]. The experimental results showed that the 
Neo* gene was well expressed and the modified TEL 
had no detectable changes in their general properties. 
After the infusion of the gene-modified TIL into pa- 
tients, the cells were detectable in the circulation for 
up to 189 days and in tumour deposits for up to 
sixty-four days. Safety tests performed on samples from 
the patients who received the gene-modified cells 
were all negative and no antibodies against the vector 
retrovirus were detected by western blot assays of 
patients' serum at varying times up to 180 days after 
cell infusion [156). This was the first clinical trial that 


used autologous cells as vehicles for retrovirus-medi- 
ated gene transfer in man. The publication of this trial 
had a profound impact on human gene therapy; it 
provided data that supported the feasibility and safety 
of using autologous cells as vehicles for retrovirus-me- 
diated gene transfer. Following the example of TIL- 
gene marking, many other gene marking experiments 
have been carried out using this ex vivo technique. For 
example, marking autologous marrow with the NecP 
gene was intended to identify whether the cells re- 
sponsible for relapse were the gene-transferred cells 
or residual cells in patients [167]. A proposed protocol 
that would use dual retroviral markers to test the 
relative contributions of marrow and peripheral blood 
autologous cells to recovery after reparative therapy 
for chronic myelogenous leukaemia is expected to be 
initiated this year [168]. 

Cytokine gene-modified tumour-infiltrating 
lymphocytes 

As an extension of the Neo^-TYL gene-marking study, 
modification of TIL by addition of the gene for tumour 
necrosis factor (TNF) has been studied in patients with 
malignant melanoma. Tumour necrosis factor (TNF) 
produces very encouraging antitumour responses in 
mice, but the maximal tolerated dose in humans is 
about forty-fold less than the doses required to elicit 
these responses in mice [169). Toxic effects are com- 
mon at doses above 8 mg/kg in man, whereas in the 
mouse 400 mg/kg can be achieved. Therefore, a 
strategy was developed to deliver TNF effectively to 
the site of the tumour using TEL as cellular vehicles 
[170]. The TIL were isolated directly from the tumour 
and then grown in large numbers in tissue culture with 
EL- 2. After expansion in culture, they were geneucally 
engineered to produce TNF and were given to the 
patient intravenously along with high doses of IL-2 for 
several days. The results of this clinical trial are not yet 
available. 

It was proposed that TIL could also be modified with 
other genes such as those that encode interferons 
(IFN-0 or IFN-y), other cytokines (IL-la, IL-6, and TL-7), 
or receptors (of Fc, chimeric T-cells, or IL-2) [171]. 
However, TTL have several drawbacks for use in 
cytokine gene transfer: 

• technical difficulties in isolation and culture; 

• poor efficiency for gene transduction; 

• weak expression of the transduced gene; and 

• low percentage of homing (< 0.015% per gram of 
tumour). 

These were demonstrated by a recent comparison of 
TNT gene expression in TIL versus the melanoma cell 
lines that were derived from the same enzymatically 
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digested tumour biopsies used for isolating TIL [172]. 
Therefore, an alternative approach is being pursued, 
using rumour cells as vehicles to carry cytokines and 
other immune-modulating genes for systemically 
boosting the antitumor immune response. 

Single chain antibody gene-modified T-tymphocytes 

Since the isolation, expansion, and tumour-homing 
efficiency of TIL are limited, an experimental approach 
which exploits the targeted cytolytic activity of lym- 
phocytes is being developed [1731. Two basic designs, 
composed of either double chimeric T-cell receptor 
chains (cTCR) or single-chain Fv linked to the signal 
transducing y or £ subunits of the FcR or CD3 (scFvR), 
have been constructed. Both chimeric receptor genes 
when transfected into human leukaemic T-cells, TIL or 
peripheral blood lymphocytes (PBL). endow the re- 
cipient T-cells with non-MHC restricted, antibody-type 
specificity [174]. Upon binding to antigen (either im- 
mobilised or displayed on the surface of target cells), 
the chimeric receptors could transmit a signal for T-ceU 
acuvation. Since this approach consists of modifying 
T-cells with an antibody gene, it is also called T-body' 
technology. 

In this approach, several technical aspects need to be 
considered: 

• Consistent alterations of tumour cell surface anti- 
gens are available as targets; 

• The genes of the monoclonal antibodies (mAb) 
against the antigens are cloned; 

• A chimeric gene needs to be constructed that en- 
codes a fusion protein of the Fv region of mAb, a 
linkage fragment, and the transmembrane and cy- 
toplasmic region of the T-ceU receptor (TCR)/CD3 
(e.g., £ chain); 

• A high-efficient vector to deliver the chimeric gene 
into T-cells is necessary. 

A recent repon on this type of technology described 
generation of CTLs with specificity for ERBB2 recep- 
tor-expressing tumour cells [1751. Overexpression of 
the ERBB2 receptor is frequently observed in human 
breast and ovarian carcinomas and provides a target 
at the cell surface which strongly distinguishes tumour 
cells from their normal counter parts. A binding func- 
tion was conferred directly on the £ chain of the TCR 
complex to circumvent major histocompatibility com- 
plex-restricted antigen recognition through the a and 
P chains of the TCR. A chimeric gene was constructed 
which encoded a single-chain Fv antibody (scFv, 
consisting of the joined heavy- and light-chain variable 
domains of a monoclonal antibody against the ex- 
tracellular domain of the ERBB2 receptor), a hinge 
region as a spacer, and the £ chain of the TCR. This 


gene was introduced into CTLs by retroviral gene 
transfer. The signalling potential of the scFv/hinge/^ 
receptors was demonstrated by secretion of interferon 
y upon coincubation with ERBB2 -expressing cells. 
Target cells expressing the ERBB2 gene were lysed in 
vitro with high specificity by the scFv/hinge/£-express- 
ing T-cells. The growth of ERBB2-transformed cells in 
athymic nude mice was retarded by adoptively trans- 
ferred scFv/hinge/^-expressing CTLs. Transduced 
CTLs labelled with a fluorescent dye were specifically 
detected in tumour sections. These results suggest that 
tumour cell lysis by CTLs grafted in vitro with major 
histocompatibility complex-independent recognition 
could become a gene-therapy approach to cancer 
treatment. 

Cytokine gene-modified tumour eel! vaccination 

The use of autologous tumour cells as vaccines to 
augment antitumor immunity has been explored 
throughout this century [176]. Although only a few 
tumour-specific surface antigens, which can be recog- 
nised by effector killer cells such as T-cells, have been 
identified, local cytokine production is believed to play 
an important role in invoking tumour immunity [177- 
179}, Studies have show n that transfer of a cytokine 
gene into tumour cells leads to continuous local deliv- 
ery of the cytokine. In these studies, local secretion of 
cytokines by gene-modified tumour cells not only 
stopped tumour growth but also, in certain murine 
models, induced a specific immunity to subsequent 
tumour challenge. In some cases, immunisation with 
gene-modified tumour vaccines resulted in regression 
of existing parental tumours. With the evidence ob- 
tained from the individual cytokine studies described 
herein, a firm basis can be laid for proposing that 
production of new tumour vaccines by gene transfer 
or genetic modulation will be a powerful tool for 
enhancing antitumour immunity. It is also feasible that 
combinations of these cytokines in genetic modifica- 
tion of tumour vaccines will be even more effective, 
representing one of the most promising approaches in 
the development of cancer gene therapy. For further 
references on experimental and clinical studies of 
cytokine gene-modified tumour cells, please refer to a 
recent detailed review in Human Gene Therapy [180]. 

lnterleukin-4 

Interleukin^ (IL-4) is produced by the Th2 subset of 
activated T-helper cells as well as by mast cells. IL-4 
participates in the regulation of growth and differen- 
tiation of B-cells and T-cells and the generation of 
cytotoxic T-lymphocytes (CTL). It also activates mi- 
crovascular endothelium and induces upregulation of 
vascular cell adhesion molecule 1, which potentiates 
extravasation of lymphocytes and monocytes from the 
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circulation [181]. Because of these potent immu- 
nostimulatory effects. LL-4 may be an ideal cytokine to 
use for cancer gene therapy alone or in combination 
with other cytokines. 

The therapeutic effects of a cytokine -transduced tu- 
mour vaccine were first demonstrated in murine mod- 
els: murine IL-4-producing plasmacytomas were 
shown to induce a local antitumour inflammatory 
response characterised by infiltrates of macrophages 
and eosinophils 1182]. When murine renal tumour cells 
were engineered to secrete large doses of murine IL-4 
locally, the animal hosts rejected these modified tu- 
mours and developed systemic immunity against the 
parental tumour, which was primarily mediated by 
CD8* T-cells [1831- 

Using murine EL-4 retroviral vectors, murine fibroblasts 
and tumour cells were transduced to produce from 50 
- 5000 U of IL-4/10 6 cells/twenry-four hours as deter- 
mined by ELISA and bioassay. In blinded studies using 
C57BL/6 and BALB/c mice, it was shown that tumours 
were significantly inhibited (mean delay of ten days) 
or in some cases completely suppressed by the co-in- 
jection of viable tumour cells with EL-4-producing 
fibroblasts [184]. Animals that were able to reject an 
initial tumour inocule could also completely reject 
subsequent parental tumour challenge of 10 5 cells, 
while challenge of 10 6 parental tumour cells resulted 
in a significant delay of tumour induction. In addition, 
co-administration of systemic EL-2 led to enhancement 
of IL-4 gene therapy resulting in a twenty-day delay of 
pre-established tumour growth compared with con- 
trols, A Phase I clinical trial of IL-4 gene modified 
antitumor vaccines is in progress. 

lnterieukin-2 

Interleukin-2 (IL-2), first described as a T-cell growth 
factor, is a cytokine with highly pleiotropic activity 
[1851- It is an activator of LAK cells [186] and is 
necessary for activation of TIL cytotoxicity [158]. Many 
groups have analysed the tumourigenicity and immu- 
nogenicity of tumours engineered to produce IL-2. 
Expression of high levels of IL-2 by the gene-modified 
tumour cells resulted in regression of even large 
inocula of tumours. Histologic evaluation of the re- 
gressed IL-2 expressing tumours revealed a massive 
infiltrate of lymphocytic cells [187-1891. Recent studies 
have indicated that locally activated LAK are a critical 
local effector in rejection of 7Z-2-transfected tumours. 
Vaccination with IL-2 gene-modified tumour cells in- 
hibited experimental metastases in syngeneic immune- 
competent mice [1901. For this kind of therapy, EL-2 
production by tumour cells at the very site of the 
anugen-MHC may be crucial for efficient processing 
and presentation of tumour anugen; this was suggested 
by a recent study in which the use of mammary stromal 
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fibroblasts as vehicles of local IL-2 delivery failed to 
protect against mouse mammary tumour cells in mice 
11911. 

The expression of the 7Z-2gene in human tumour cell 
lines was further studied using retroviral and adenovi- 
ral vectors [192,193]. The successful retrovirus-medi- 
ated transduction of the IL-2 gene into human 
melanoma and renal cancer cells and the secretion of 
IL-2 protein from these tumour cells even after in vitro 
gamma-irradiation has been reported [192,194]. To 
understand better the functional differences in the 
anti-tumour responses of immune and tumour-bearing 
mice, an in vitro model to analyse interactions between 
splenic lymphocytes and tumour cells was used. It was 
shown that spleen cells isolated from tumour-bearing 
mice remained unresponsive, while those from im- 
mune mice proliferated well in response to IL-2-secret- 
ing tumour cells. Only spleen cells from immune 
animals were able to develop cytotoxicity against 
tumour cells following in vitro restimulation [1951- 
Clinical trials immunising with autologous or allo- 
geneic tumour cells modified by transduction of the 
IL-2 gene are currently in progress. Supplemental 
references on IL-2 for tumour vaccination can be 
obtained from other review articles [196,197]. 


Interferon gamma 

Interferon gamma (IFN-y) is an activator of macro- 
phages and plays an important role in inflammatory 
responses. This pleiotropic cytokine is also a potent 
inducer of MHC class I and class D antigens and, thus, 
is capable of enhancing immune responses [198,199]. 

Retroviral transduction of cDNA coding for murine 
IFN-y i* 110 a nonimmunogenic murine sarcoma cell line 
that expresses MHC class I antigen only weakly in- 
duced upregulation of the class I antigen expression 
and generated CD8" TIL, which were therapeutic 
against parental tumour cells. After tumour rejection, 
long-lasting protection from rechallenge with parental 
cells was induced [200]. Moreover, immunisation of 
mice which had micrometastases with tumour cells 
producing large amounts of IFN-y almost completely 
cured these mice by inducing CTL 1201]. 

The cDNA for human IFN-y was also introduced into 
human renal cancer cells and melanoma cells 
[192,194]. Renal cancer cells secreting IFN-y showed 
increased expression of MHC class I anugen, p2-mi- 
croglobulin, and intracellular adhesion molecule I, as 
well as induction of MHC class II anugen expression. 
However, tumour formation by a human renal cancer 
cell line transplanted into nu/nu mice was not affected 
by IFN-y secretion, whereas IL-2 production inhibited 
the tumour growth. 
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Further experimental data on 7/7v>mediated tumour 
vaccination demonstrated that transduction of human 
melanoma cells with /FA-? gene enhanced cellular 
immunity [202]. The /FA^y-transduced and correspond- 
ing parental melanoma cells were used for the induc- 
tion of short-term lymphocyte cultures. Peripheral 
blood lymphocytes or lymph node cells from twenty 
melanoma patients were stimulated for five to fifteen 
days with autologous or MHC class I-matched allo- 
geneic parental or ZFA-y-transduced melanoma cells. 
Seven of the twenty lymphocyte cultures showed 
substantial increases in lytic activity following stimula- 
tion with the transduced melanoma cells in compari- 
son to control lymphocyte cultures stimulated with 
unmodified parental melanoma. The cytolytic activity 
stimulated with /FV-y-modified melanomas was medi- 
ated partly by MHC-restricted cytotoxic T-lymphocytes 
and partly by NK cells. Lymphocyte cultures that 
displayed increases in cytotoxicity after stimulation 
with the /FN-y-transduced melanoma cells also exhib- 
ited enhanced expression or induction of one or more 
of the following lymphokines: H-4, IL-la, IL-iP, IFN-y, 
and TNF-rx These studies led to a clinical trial of 
human 7F/V-y-transduced autologous tumour cells in 
patients with disseminated malignant melanoma. 

Tumour necrosis factor alpha 

Tumour necrosis factor alpha (TNF-a) is a potent 
immunomodulatory molecule affecting the function of 
many cells involved in the immune response and 
tumour vasculature, including T-cells, B-cells, neutro- 
phils, monocytes, and macrophages. TNF-a induces 
MHC class I and class D molecules [2031- Tumour 
necrosis factor (TNF) was originally described as an 
antitumor agent in vivo, and it has been demonstrated 
that injection of recombinant TNF-a can mediate the 
necrosis and regression of a variety of established 
murine tumours 1204,2051. However, the biological 
effects of TNF in vivo depend on its concentration. At 
an optimal concentration, TNF produces beneficial 
effects such as cytotoxic and antitumor effects, while 
higher concentrations of TNF induce harmful effects 
such as catastrophic tissue injury, organ failure, and 
irreversible shock leading to death (2061. Although the 
exact mechanisms of the in vivo effects of TNF-a are 
not known, it appears to have a significant enhance- 
ment on CD8 + T-cells. 

The 77VF-a gene can be successfully introduced into 
murine and human rumour cells by retroviral vectors. 
Weakly immunogenic rumour cells modified by the 
TNF<x gene grew slowly in vitro and were found to 
regress after an initial phase of growth. This rumour 
regression was abrogated by depletion of CD4* and 
CD8* subsets in vivo, suggesting that these T-cells are 
involved in the immune response 1207). In a separate 


study, macrophages were observed at the sites of 
murine plasmacytomas that were engineered to secrete 
TNF-a, implicating inflammatory cells in the rejection 
of this tumour (208). However, nonimmunogenic mur- 
ine fibrosarcoma cells that produced TNF grew pro- 
gressively in syngeneic mice, although IL-2 was 
effective in inhibiting this growth (2091- Clinical trials 
involving immunisation of melanoma pauents with 
autologous TNF-producing tumour cells are in pro- 
gress. 

tnterieukin-7 

Interleukin-7 (IL-7) was initially described as a growth 
factor for B-cell progenitors; however, this protein has 
been demonstrated to stimulate the growth of mature 
CD4* and CD8 + T-cells, inducing LAK activity [210]. 
After stimulating T-cells via an antibody against T-cell 
receptor, an H-7-dependent, H-2-independent prolif- 
erative pathway has been identified, suggesting that 
IL-7 may function in the absence of IL-2 to regulate 
T-cell proliferation. Moreover, IL-7 is capable of induc- 
ing tumouricidal activity by peripheral blood mono- 
cytes [211]. 

Murine plasmacytoma cells producing IL-7 were com- 
pletely rejeaed after injeaion into mice. The immune 
response was primarily mediated by CD4 + T-cells [212]. 
However, an IL- 7-transduced murine fibrosarcoma 
was heavily infUtrated with CD8 + T-cells that were 
believed to be responsible for the slow growth and 
tumour regression [2131. Antitumour CTL, generated by 
drainage of lymph node cells and culture with IL-7, are 
effective in treating three-day pulmonary metastases of 
syngeneic methylcholanthrene-induced sarcoma in 
murine models. Furthermore, systemic administration 
of IL-2 was synergistic with IL-7-expanded cells in this 
model, but IL-7 was not. Interleukin-7 is the only 
cytokine other than IL-2 that has been shown to 
expand therapeutically effective lymphocytes when 
adoptively transferred to tumour-bearing mice [2141. 
Clinical trials on IL-7 gene therapy for patients with 
metastatic colon cancer, renal cell cancer, malignant 
melanoma or lymphoma are ongoing. 

Granulocyte-macrophage colony-stimulating factor 

Granulocyte-macrophage colony-stimulating factor 
(GM-CSF) is a potent faaor that is most often associ- 
ated with the growth and differentiation of hae- 
matopoietic progenitors. Several reports suggest that 
GM-CSF plays an important role in the maturation 
and/or function of specialised antigen presenting cells 
[215]. Incubation of GM-CSF in mouse marrow cultures 
generated large numbers of dendritic cells, which are 
potent antigen-presenting cells [216]. 

In a recent study, vaccination of mice with irradiated 
tumour cells engineered to secrete murine GM-CSF 
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was demonstrated to stimulate potent, specific, and 
long-lasting antitumour immunity [217]. When this 
murine GM-CSF tumour vaccina uon model was com- 
pared to other cytokine-transduced tumours by the 
same retroviral vector, it was shown that GM-CSF was 
the most potent stimulator of systemic antitumor im- 
munity among the ten proteins tested, including IL-2 ? 
IL-4, IL-5, IL-6, GM-CSF, IFN-y, IL-1RA, (ICAM), (CD2), 
and TNF-a 1217]. The success of immunisation with 
GM-CSF-xxansduced tumours was dependent on both 
CD4 + and CD8* T-cells, despite the fact that the 
tumours were MHC class D negative. The potency of 
GM-CSFs effect locally might relate to its unique ability 
to promote the differentiation of haematopoietic pre- 
cursors to dendritic cells, which could specifically 
enhance tumour-antigen presentation. Clinical trials of 
GM-CSF-gene mediated tumour vaccination for pros- 
tate and renal cell cancers have begun. 

Granulocyte colony-stimulating factor 

Granulocyte colony-stimulating factor (G-CSF) is char- 
acterised as a potent differentiation- inducing factor, 
essentially in granulopoiesis [2181. Murine colon ade- 
nocarcinoma cells expressing G-CSF were rejected 
from syngeneic mice or nu/nu mice. Histologic exami- 
nations demonstrated that the antitumour effect was 
associated with a massive infiltration of neutrophilic 
granulocytes (219,220]. In contrast, G-CSF tumour vac- 
cines were unable to eradicate an already established 
G-CSF-secreting carcinoma without the aid of T-lym- 
phocytes [221]. 

The results of studies that compared the cytokine 
genes in different tumour cells suggested that the effect 
of immunomodulation by tumour engineering might 
depend on both the responsiveness of host cell types 
and the immunogeniciry of tumour cells. Although the 
results varied in the different tumour systems, because 
of differences in cell dose, type of cytokine, expression 
level of transduced gene, and location of immunisa- 
tion, the effectiveness of autologous tumour vaccines 
has been well established. The success of the cytokine 
gene-modified tumour vaccines is believed to depend 
on a paracrine mechanism in which a locally high 
concentration of cytokines induces an antitumour im- 
mune response, which can be either specific or non- 
specific. High concentrations of cytokines often induce 
a non-specific local inflammatory response, which 
causes the injected tumour cells to be eliminated and 
immunisation to fail. An alternative in autologous 
tumour vaccine strategy is to modulate tumour cell 
antigen presentation by transferring genes such as 
MHC, B7, and others. This approach may avoid the 
cytokine-induced local inflammatory response while 
still inducing local immunisation. 
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Antigen presentation gene modulation for tumour 
cell vaccination 

Many tumour cells have been shown to carry tumour 
antigens or tumour-associated peptides that should be 
capable of activating host T-cells. However, secondary 
cell-surface changes as well as effects of immunosup- 
pressive factors may render them defective in antigen 
presentation and inadequate in activation of tumour- 
specific T-lymphocytes. Several studies in which tu- 
mour-specific T-lymphocyte activity was amplified 
have shown that such amplification can result in potent 
tumour-specific immunity that can mediate tumour 
rejection in the autologous host (187,222,223). Experi- 
mental studies have defined a key role for T-lympho- 
cytes in rejection of these tumours, and both CD4 + and 
CD8 + T-cells have been implicated in tumour rejection 
[224). Activation of CD4 + T-cells is thought to require 
two signals from the antigen-presenting cell (APC). 
The first signal is the engagement of the T-cell receptor 
(TCR) for the antigen by the MHC Il/peptide complex 
of the APC 1225). The second signal is thought to be 
the interaction of the B7 co-stimulatory molecules of 
the APC with its cognate receptors, CD28 and/or 
CTLA-4, on the responding T-cell (226-229). The deliv- 
ery of the two signals has been shown to be linked 
and to be connected with the engagement of the class 
Il/peptide complex by the TCR-initiated intracellular 
signalling events within the APC that stimulated 
upregulation of B7 on the APC surface [230]. 

It has long been known that MHC molecules, both 
class I and class II, are involved in tumour anrigen 
presentation, but through different pathways. Class I 
MHC can enhance activation of tumour-specific CTL 
in vitro. Early work on tumour vaccination that used 
transfection of MHC class I genes resulted in suppres- 
sion of the tumour cells in tumourigenicity and/or 
metastasis in mouse models [231,232]. MHC class II 
genes were shown to be involved in activation of 
tumour-specific T-helper cells, and their introduction 
into tumour cells resulted in a decrease in the tu- 
mourigenicity and generated a systemic immune re- 
sponse against the parental tumour [222]. Despite these 
positive results, the relationship between levels of 
MHC expression and immunogenicity is inconsistent 
among tumour models. Researchers have recently 
begun to believe that the inconsistency is caused by 
other cofactors, such as the B7 co-stimulatory mole- 
cule, which affects the antigen presentation by 
MHC/peptide complexes. 

The molecule B7 is normally expressed as an activation 
antigen on antigen-presenting cells such as B-cells, 
macrophages, and dendritic cells. There are two dis- 
tinct B7 molecules: B7-1 is the ligand for CD28 and 
CTLA4, and B7-2 is an alternative ligand for CTLA4 
[233,2341- Although the funaion of CTLA-4 (expressed 
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exclusively on CD8 + T-cells) is as yet unknown, much 
evidence has accumulated that CD28 (expressed on all 
CD4* and most CDS* T-cells) is a critical receptor for 
co-stimulatory signals in T-cell activation. Since CD28 
has been shown not only to enhance the level of 
lymphokine production by CD4* J-ceils subsequent to, 
T-cell receptor engagement but also to promote en- 
gagement of CD8* cells for CTL priming or activation, 
it is rational to select the B7 gene for transfer into 
tumour cells to enhance their immunogeniciry. 

A number of laboratories have reported that, after 
transfection with a B7 gene, autologous tumours were 
rejected in their syngeneic host. In addition, systemic 
immune responses were induced which abrogated the 
parental tumours at a distant site .[235-238], B7 showed 
different potency in different types of tumours and 
animal models. Expression of the co-stimulatory iigand 
B7 on melanoma cells was found to induce the rejec- 
tion of a murine melanoma in vivo. This rejection was 
mediated by CD8 + T-cells; CD4 + T-cells were not 
required. [236]. When mouse Sal sarcoma cells that 
bore a truncated MHC II molecule and were trans- 
fected with B7 cDNA were injected into the mice, they 
became resistant to challenges of wild-type MHC II~B7" 
ascites or solid Sal tumour; the induced immunity 
required CD4 + T-cells and was specific for the immu- 
nising sarcoma cells [237]. In another case, the 
transduction of B7 into a tumour by itself was insuffi- 
cient to cause rejection or systemic immune response; 
it was necessary to introduce an additional 'strong' 
tumour antigen into the tumours to obtain the B7-en- 
hanced tumour vaccine effect [238]. In this study, the 
transfection of B7 into MHC V/IY tumour cells did not 
enhance their immunogenicity, but the co-introduction 
of the B7 and MHC II genes did. Although application 
of B7 to modify tumours is not the final answer to 
tumour vaccine design, these studies have opened up 
a novel approach to construction of artificial tumour 
antigens and their presentation to T-cells as part of the 
generation of a systemic antitumour immune response. 


Combinational gene therapy 

This type of methodology seeks to achieve increased 
efficacy of treatment through the additive or synergistic 
effects of two or more approaches of cancer gene 
therapy or gene therapy with conventional cancer 
therapy. The early report on the strategy of combina- 
tional therapy was of tumour suppressor gene therapy 
combined with chemotherapy. The p53 protein is an 
inducer of apoptosis, as is the chemotherapeutic agent 
Cisplatin. When tumours of animal models were 
treated locally with Ad5CMV-p53and systemically with 
Cisplatin, a stronger tumouricidal effect with local 


massive apoptosis of tumour cells was detected [239). 
The possible synergistic mechanism underlying this 
effect may be that the DNA damage caused by Cisplatin, 
in tumour cells that were infected with Ad5CMV-/>53 
enhanced the proportion of cells entering the p53-de- 
pendent apoptotic pathway [2401. This approach has 
been incorporated into the clinical trial of Ad5CMV- 
p53 in lung cancer gene therapy, which will be carried 
out in 1995 at the University of Texas MD Anderson 
Cancer Center. 

Another strategy for combinational therapy is to ex- 
press antisense RNA to block the E6 and E7 oncopro- 
teins of human papilloma virus (HPV) and sense RNA 
for supplementation of tumour suppressor gene Rb in 
cervical cancer ceils [241]. The HPV E6 and E7 proteins 
bind to and inactivate the products of the p53 and Rb 
genes, which contribute to the carcinogenesis of the 
cervix and are responsible for the neoplastic pheno- 
type of cervical carcinoma. Co-transfection of the 
plasmids that carry the E6 and E7 genes in antisense 
orientation and the Rb cDNA in sense orientation into 
HeLa cells inhibited the cell growth in vitro and 
suppressed tumourigeniciry in mouse subcutaneous 
model [241). This strategy was designed to reverse the 
process of HPV-mediated cervical carcinogenesis 
through suppressing expression of the E6 and E7 genes 
and restoring the function of the Rb gene for cell 
growth control. The efficacy of this approach in cervi- 
cal cancer treatment needs to be evaluated further. 

In attempts to develop more effective tumour vaccines, 
transfer of two or more cytokine genes into tumour 
cells may be an option. Gene therapy experiments 
have been performed on gene therapy for Lewis lung 
carcinoma (LLC) [242]. TNF and IL-2 cDNAs were 
introduced into pBMG-Neo and pcDV-x819 vectors, 
respectively, and then cotransfected into LLC cells. The 
co-transfectants were selected by incubating them in 
a medium containing G418 followed by limiting dilu- 
tion to obtain IL2 and TNF co-transfected LLC (LLC- 
TNF-IL-2) cells. When 5 x lOVml LLC-TNF-IL-2 cells 
were incubated for forty-eight hours, they secreted 
7.56 U/ml TNF and 527.0 U/ml IL-2 into the culture 
supernatant. When C57BL/6 mice were transplanted 
with 1 x 10 6 LLC-TNF-IL-2 cells, all the tumours were 
rejected. The growth of transplanted LLC, but not 
B16F10 melanoma cells, was retarded in mice inocu- 
lated with LLC-TNF-IL-2 on their contralateral sides, 
which suggested specific immunity was induced. The 
immunisation effect by the co-transfectant was supe- 
rior to that of the and TNF trans fectants alone. 

Recently, there have been publications on combina- 
tional gene therapies in which mouse cancer models 
were treated with local cell killing by HSV-/#ganci- 
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clovir (HSV-/fe/GCV) system plus induction of anti-tu- 
mour immunity by virus-mediated co-expression of 
IL-2 or GM-CSF [243.244]. In these experiments, sup- 
pression of tumourigenicity by using combinational 
treatment was significandy stronger than using either 
approach alone. In addition, systemic anti-rumour 
immune responses were developed in this combina- 
tional gene therapy, which was effective against chal- 
lenges of tumourigenic doses of parental tumour cells 
inoculated at distant sites. These results suggest that 
combination of prodrug-aoivation and cytokine gene 
therapies in vivo can be a powerful approach for 
treatment of metastatic cancers. 

Combinational interventions among different ap- 
proaches of gene therapies or through gene therapy 
with conventional therapies are at an early stage. The 
rationale for the use of combinational therapy is 
primarily to improve the effectiveness of a single 
method that is currently not sufficient to fulfill the 
therapeutic purpose. Generally, before any specific 
approach of cancer gene therapy with high efficacy is 
well developed, combinational therapies will be a 
useful application in cancer treatment. 

Future prospects 

Dynamic development with diversified technical ap- 
proaches is the current status of the field of cancer 
gene therapy; this makes its definition rather difficult. 
Generally, cancer gene therapy uses genetic modula- 
tion of cancer cells or anticancer immunity to suppress 
malignancy through targeted delivery of therapeutic or 
regulatory genes or genetic therapeutic agents. The 
diversity of the field indicates that there may be many 
ways to achieve an anticancer effect through different 
genetic manipulations. Nevertheless, it also reflects 
that there is as yet, no consensus on a dominant 
approach for any given condition. Every approach yet 
tried has its own strengths and weaknesses. The field 
is still very young but does have a bright future. 

Several technical challenges now require focused at- 
tention with intensive research effort if development 
of cancer gene therapy is to be accelerated. These 
include: 

• The development of better in vivo delivery' systems 
with higher therapeutic indexes, focusing on larger 
gene-carrying capacity, targeted gene delivery, and 
more efficient gene transfer with less immunogenic- 
ity and low cytotoxicity. 

• The controllable transgene expression in target 
cells: on/off switch, sustained, or inducible tissue- 
specific expression, etc. 


• The comparative study of tumour vaccines, which 
will clarify- the relative potency and specificity of 
cytokines, allowing construction of combined tu- 
mour vaccines with specificity to different tumour 
types. 

• The enhancement of tumour antigen presentation 
by modulating tumour cells with multiple genes 
such as MHC, B7, and those for specific tumour 
targeting. 

• The development of novel genetic approaches to 
the prevention of cancer. 

We now realise that no single approach to gene 
therapy will suffice; rather, we need to develop several 
complementary strategies that can be combined in 
various ways to treat a given genetic disease effec- 
tively. This is particularly true in cancer gene therapy, 
since cancer is a disease developed through a multistep 
process of multiple cytogenetic abnormalities Gene 
therapy is unlikely to replace conventional cancer 
therapy, but rather provides an alternative approach. 
In the near future, combinational approaches among 
gene therapies or gene therapy with conventional 
therapies such as chemotherapy, immunotherapy, ra- 
diotherapy, and surgery will be widely used, perhaps 
leading to the development of a more advanced 
biological therapy for cancer. 
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2. The Role of Chemotherapy in 
Multimodality Therapy 


Vivien H.C. Bramwell, PhD, MB, BS, FRCPC 


The role of chemotherapy in adult soft-tissue sarcomas is controversial. In this 
review, the author examines the effectiveness of single-agent and combination 
chemotherapy to manage advanced disease and the role of adjuvant combination 
chemotherapy to control primary tumours and prevent the spread of the disease. 

Doxorubicin (Adriamycin) is still considered the most effective single agent for 
advanced soft-tissue sarcoma. Ifosfamide has given similar results and may have 
greater potential in combination therapy than cyclophosphamide. A current study 
using trimetrexate shows early positive results. 

Doxorubicin, cyclophosphamide, vincristine and dacarbazine is currently the most 
efficacious combination. 

The efficacy of adjuvant chemotherapy remains to be established. The majority of 
studies indicate some benefit with chemotherapy, particularly in the relapse-free 
survival rate, but no consistent improvement in overall survival has been noted. 


Although chemotherapy is o; 
proven benefit in embryona 
rhabdomyosarcomas of childhood 
its role in adult soft-tissue sarcomas 
is more controversial. This review 
examines the activity of single and 
combination cytotoxic drugs in ad 
vanced disease. The potential con- 
tribution of adjuvant chemotherapy 
in providing local control of primary 
tumours and preventing metastasi; 
is analysed. 


Le role de la chimiotherapie dans le sarcome des tissus mous de l'adulte est 
discutable. Cette revue porte sur I'efficacite de la mono et de la polychimiotherapie 
dans le traitement des cancers a un stade avance et du role de la polychimiotherapie 
adjuvante dans la maitrise des tumeurs primitives et dans la prevention de la 
dissemination de la maladie. 

La doxorubicine (Adriamycine) est toujours considered comme le medicament qui, 
utilise seul, est le plus actif contre les sarcomes des tissus mous au stade avance. 
L'ifosfamide a donne des resultats comparables a ceux de la doxorubicine, et semble 
presenter de plus grandes possibilites en polychimiotherapie que la cyclophosphami- 
de. Une etude presentement en cours avec le trimetrexate laisse prevoir des resultats 
positifs. 

Actuellement, la cyclophosphamide, la vincristine et la dacarbazine represented 
l'association la plus active. 

LMnteret de la chimiotherapie adjuvante reste a etre demontre. La majorite des 
etudes indique qu'elle peut etre d'un certain apport, particulierement en ce qui a 
trait a la survie sans recidive, mais aucune amelioration notable dans la taux de 
survie n'a ete note. 
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Advanced Disease 
Single Agents 

Of the anthracyclines, dox 
orubicin (Adriamycin [ADR]), intro 
duced into clinical practice in tb 
early 1970s, is generally acknowl 
edged as the most active singl- 
agent in the treatment of adul 
soft-tissue sarcomas. A review o 
relevant studies containing mor 
than 25 patients, 1 ' 8 showed an aver 
age response rate of 24% (rang 
from 16% to 41%) in 930 patients 
An intensive search to identify ar 
thracyclines that retain the ant 
tumour efficacy of ADR with les 
toxicity, especially cardiotoxicit) 
has been disappointing; Cai 
minomycin, 9 deoxydoxorubicin/' 
Aclacinomycin 1U2 and demethox> 
daunorubicin. 13 each showed insi* 
nificant activity. When given < 
identical doses (75 mg/m 2 every' 
weeks) in a study performed by th 
European Organisation for R< 
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; search and Treatment of Cancer 
(EORTC), Epiadriamycin was less 
toxic than ADR, but the response 
rate was lower — 15 of 84 (18%) 
versus 21 of 83 (25%) for ADR. 14 
This difference was not statistically 
significant, but it is unlikely that 
Epiadriamycin, even if used at a 
dose equitoxic to ADR, will be more 
active. 

With respect to alkylating 
agents, ifosfamide, an interesting 
analogue of cyclophosphamide, was 
synthesized in Germany in 1967. 
Reported response rates are avail- 
able on 218 patients treated with a 
variety of doses and schedules of 
ifosfamide. 15 The average rate of 
28% (range from 18% to 38%) is 
remarkably similar to that for 
ADR. 16 However ifosfamide has 
been evaluated in considerably 
fewer patients, and characteristical- 
ly the response rate of a new drug 
is inversely proportional to the 
number of patients in which it is 
evaluated. Nevertheless, ifosfamide, 
i in contrast to ADR, has been used 
more frequently as second-line che- 
motherapy. Response rates in an 
EORTC study comparing ifosfamide 
with cyclophosphamide were 18% 
and 8% respectively 17 and provided 
the only single-agent data for cyclo- 


phosphamide. Ifosfamide produced 
two responses in 28 previously 
treated patients and three responses 
in 31 patients crossed over after 
failure of cyclophosphamide. The 
response rates for patients who had 
never received chemotherapy were 
10 of 40 (25%) for ifosfamide and 5 
of 38 (13%) for cyclophosphamide. 
Although the rates were not signifi- 
cantly different by conventional sta- 
tistical analysis, ifosfamide caused 
less myelosuppression than cyclo- 
phosphamide, suggesting greater 
potential in combination. 

Of other single agents, it is gen- 
erally accepted that dacarbazine 
(DTIC) shows limited activity in 
soft-tissue sarcomas, 1819 the aver- 
age response rate in accumulated 
series (97 patients) being 18% 
(range from 15% to 25%). Cis- 
platinum is very active in osteosar- 
coma and has been extensively test- 
ed in soft-tissue sarcoma. 2 - 3 - 5 An 
average response rate of 9% in 150 
patients does not warrant inclusion 
m combination chemotherapy, par- 
ticularly as it is a very toxic and 
expensive drug. The data on metho- 
trexate are intriguing. A study from 
the United Kingdom 20 reported a 
response rate of 25% in 62 patients 


Table 1 - 

Response to Combination Chemotherapy 


Combination 

No. of patients 

Response, */o 

CYVADIC* 

AOR/DTIC 

CYCLO/VCR/AOR 

CYCLO/ADR/OTIC 

CYCLO/VCR/ADR/OACT 

£VCL0/ADg/MTX 

*Cycl0Dh0S0hamif1o uin^rie*;«« t 

750 
592 
70 
80 
199 
100 

48 (15-68) 

27.5 (20-42) 

19 

35 

40 

36 



Wiltshawand associates, 1986 23 
acnutte and associates, 1986 22 
tlias and Amman, 1986 2 ' 


ADR + IF0S 
ADR + IF0S 

ADR + IFQS + DTIC 

^^Adriamycin, IFOS = ifosfamide, DTIC = dacarbazine. 
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schedules were used in this trial A 
later EORTC study was unable to 
demonstrate any activity for metho- 
trexate given intravenously every 
week in previously treated pa- 
tients. 21 Although high-dose metho- 
trexate has been used in several 
small series, 1 there is no evidence 
that its activity is increased, and no 
group has repeated the studies of 
conventional-dose methotrexate. 
The Canadian Sarcoma Group, in 
conjunction with the National Can- 
cer Institute of Canada, is currently 
performing a phase II study using 
trimetrexate, a methotrexate ana- 
logue, and responses have been 
seen. 


Combination Chemotherapy 


The drug combination most com- 
monly used to treat adult soft-tissue 
sarcomas is CYVADIC (Table I). It 
consists of cyclophosphamide (500 
mg/m 2 ), vincristine (1.4 mg/m 2 
day 1), ADR (50 mg/m 2 ) and dacar- 
bazine (250 mg/m 2 , days 1 to 5). J -« 
The two most active single agents 
(ADR and dacarbazine) have also 
been used fairly extensively in com- 
bination, 2 ^ but the response rate 
(Table I) seems lower than that of 
CYVADIC. Other ADR combina- 
tions have activity in the same 
range, but none are better than 
CYVADIC. 1 ^ 

The addition of ifosfamide to 
ADR 222 3 has been disappointing 
(Table II). In the EORTC study 22 of 
178 patients treated with ADR and 
ifosfamide, the overall response rate 
of 36% was similar to that reported 
for CYVADIC (39%). However, 
nearly half the patients receiving 
CYVADIC manifested disease pro- 
gression, whereas the correspond- 
ing figure for ADR and ifosfamide 
was 19%. The addition of dacarba- 
zine seemed to improve the re- 
sponse rate. 24 However, this partic- 
ular regimen was very myelosup- 
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pressive; there was a 23% incidence 
of granulocytopenic fever. A central 
venous line had to be inserted in all 
patients and treatment was given by 
intravenous infusion for 5 days 
every 3 weeks. 

The EORTC is currently compar- 
ing ADR, CYVADIC and ADR plus 
ifosfamide in a three-arm study; 
393 patients have been entered in 
22 months and the accrual should 
be complete within 6 months. Com- 
parative response rates are not yet 
available, but should be very inter- 
esting as ADR has never been di- 
rectly compared with CYVADIC. 
This study should also clarify the 
value of ifosfamide used in combi- 
nation. 

The Canadian Sarcoma Group is 
performing a pilot study of the 


combination of ADR, ifosfamide and 
dacarbazine, using a shorter, more 
convenient schedule than the Bos- 
ton group. The Boston group is 
comparing their schedule of this 
combination with ADR alone. 


Primary Management 

Intraarterial Chemotherapy 

To improve local control, chemo- 
therapy has been given intra-arteri- 
ally in conjunction with surgery and 
radiotherapy. There have been no 
randomized studies comparing this 
route of therapy with other meth- 
ods for local control, such as radical 
surgery or limited surgery plus ra- 
diotherapy. Investigators claiming 


Table lit - Isolation Perfusion With Melphalan, Actinomycin D and Nitrogen Mustard Plus 
Hyperthermia Compared With Surgery Plus Radiotherapy 



Limb 

Local 


Overall 


No. of 

salvage, 

recurrence, 

Metastases, 

survival, 

Series 

patients 

•/• 

•/o 

•/• 


Chemotherapy 






Stehlin and associates, 




NS 

73 

1984 25 

65 

94 

NS 

Lehti and associates, 




33 

67 

1986* 

64 

83 

11 

McBride, 1976 27 

85 

89 

15 

23 

68 

. Krementz and associates, 




30 

64 

1977 28 

73 

90 

25 

No chemotherapy 






Lindberg and associates, 



20 

25 

69 

1981" 

200 

85 

NS = not stated. 


superiority for intra-arterial therapy 
have generally compared their re- 
sults with historical controls from 
their own centre or results reported 
in the literature, both of which have 
obvious flaws. 

Another method of primary man- 
agement has been that of isolation 
perfusion with or without hyper- 
thermia. Most studies using this 
method were performed between 
1960 and 1980 with drugs such as 
melphalan, actinomycin D and ni- 
trogen mustard, whose activity in 
soft-tissue sarcomas is minimal. 
The results of several of these se- 
ries 25 " 28 are compared in Table HI 
with the results reported by Lind- 
berg and colleagues 29 from a group 
of patients treated by surgery and 
radiotherapy in a major centre. 
Limb salvage, local recurrence and 
ultimate outcome in terms of over- 
all survival, show little advantage 
for the complex, expensive and 
cumbersome technique of isolation 
perfusion. 

The intra-arterial use of ADR 
with or without radiotherapy preop- 
erative^ has been reported (Table 
IV).3o-32 Eilber's group 33 - 34 has the 
most extensive experience and their 
rates of limb salvage and local con 
trol are impressive. However, com 
plications, including pathologic 
fracture of long bones, led them tc 
reduce the dose of radiotherapy ir 


Table IV - Intra-arterial Adriamycin With Radiotherapy Compared With Preoperative and Postoperative Radiotherapy Without Chemotherapy 


Series 


Chemotherapy 
Mantravadi and associates. 1984 30 
Denton and associates, 1984 31 
Goodnight and associates, 1985 32 
Eilber and associates, 1984 33 

1985 34 

Protocol 2 

Protocol 3 
No chemotherapy 
Karakousis and associates, 1986 35 
Abbatucci and associates. 1986 36 


No. of 
patients 


32 
15 
17 


77 
105 

85 
89 


Follow-up, 
mo. 


15 
24 
32 


60 
24 

>24 
60 


Limb 
salvage, 
■/o 


91 
80 
88 


96 
97 

96 
93 


Local 
recurrence, 
•/o 


Metastases, 


Overall 
survival, 


3 

25 

70 

6 

NS 

79 

0 

35 

82 

4 

NS 

64 

8 

NS 

95 

13 

NS 

68 

14 

NS 

66 


NS = not stated. 


prStocol 3 (from 3500 rad in 10 
fractions to- 1750 rad) and this 
doubled the local recurrence rate. 
Judging from the results of proto- 
col 2, the rate of metastasis was not 
affected by improved local control 
and the survival rate may not be 
better. Protocol 3 still has a very 
short follow-up. When the results 
of preoperative and postoperative 
irradiation as in the studies by 
Karakousis and associates 35 and Ab- 
butucci and colleagues, 36 are used 
for comparison (Table IV), the local 
recurrence rates with radiotherapy 
only are slightly higher, but the 
outcome is otherwise similar, again 
casting doubt on the value of intra- 
arterial chemotherapy. Eilber's 
group is currently conducting a 
randomized trial comparing intra- 


arterial versus intravenous preoper- 
ative chemotherapy, and it may be 
that the theoretical advantages of 
intra-arterial chemotherapy will not 
be clinically evident. 

Systemic Adjuvant Chemotherapy 

Since the frequency of soft-tissue 
sarcoma is approximately 2 in 
100 000, the difficulties of perform- 
ing good randomized studies of 
adjuvant chemotherapy in this het- 
erogeneous group of tumours are 
obvious. Most studies published or 
in progress are flawed. 

To examine the role of adjuvant 
ADR, the results of five randomized 
studies 37 * 41 are .summarized (Table 
V); each of them compares a che- 
motherapy group with a random- 


Table V - Randomized Studies of Adjuvant Adriamycin 

No. of 

Median 


Series patients 

follow-up, mo 

Outcome 

Gherlinzoni and associates, 1986 37 59 

28 

RFS p < 0.005 



in favour of 



ADR. No data on 



overall survival 

Antman and associates, 1987 38 64 

20 

NS 

Eilber and associates. 1986 39 114 

30 

NS 

Alvegard, 1986 40 146 

36 

NS 

Wilson and associates, 1986" 75 

49 

NS 

RFS = relapse-free survival, NS = not significant. 


Table VI - Randomized Studies of Adjuvant Combination Chemotherapy 


Series 


Combination 


No. of 
patients 


Median 
follow-up, 
mo 


Outcome 


Edmonson and associates 
(Mayo Clinic), 1984* 4 


Lindberg and associates 
(M.D. Anderson 
Hospital), 1976 45 

Benjamin and associates 

(M.D. Anderson 

Hospital), 1987 46 
Rosenberg and associates 

(National Cancer 

Institute), 1985 47 
Bramwell and associates, 

1987 48 


VCR/DACT/CYCL0 
alternating 
VCR/ADR/DTIC 

12 mo 
VCR/ADR/CYCL0 


VCR/DACT/CYCL0 
24 mo 

ADR/CYCLO/HDMTX 
14 mo 

CYVADIC 
8 mo 


61 64 NS 


43 120 RFS, p = 0.04 in 
favour of 

chemotherapy OS 
NS 


65 60 RFS and OS, p = 0.04 

in favour of 
chemotherapy 
317 37 RFS, p = 0.01 in 

favour of 

chemotherapy OS 
NS 


NS = not significant, OS = overall survival, HDMTX = high-dose methotrexate. 


ized control group treated only by 
surgery with or without radiothera- 
py. The Scandinavian study of Alve- 
gard 40 is the largest but has been 
reported only in abstract form-and 
the follow-up is relatively short. 
Nevertheless, it has the greatest 
power to detect differences between 
the two arms, and the various prog- 
nostic factors are more likely to be 
evenly distributed. The Bos- 
ton/ECOG study of Wilson and 
colleagues 41 has much longer fol- 
low-up than the other studies, and 
although there was a slight delay in 
the appearance of metastases in the 
ADR arm, there have been no sig- 
nificant differences in disease-free 
survival or overall survival for all 
patients or those with extremity 
sarcomas only. 

The only study giving positive 
results, that of Gherlinzoni and col- 
leagues from Bologna, 37 has been 
severely criticized. 42 The number of 
patients was relatively small and 
there were three different surgical 
groups. These factors, combined 
with a poor randomization tech- 
nique, led to considerable imbalance 
in prognostic factors between the 
arms. A recent update of this 
study, 43 involving 77 patients (33 
receiving ADR and 44 controls), 
demonstrated improvement in re- 
lapse-free and overall survival for 
the ADR treated group, but the 
median duration of follow-up was 
not stated. 

At present there is no firm evi- 
dence that adjuvant single-agent 
ADR affords any substantial benefit 
in soft-tissue sarcomas. However, 
delay in the appearance of metasta- 
ses in some studies suggests that 
more aggressive chemotherapy may 
be worth pursuing. 

Randomized studies of various 
types of combination chemotherapy 
versus control are depicted in Table 

VI 44-48 

The first study was performed by 
Lindberg and colleagues at the 
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M.D. Anderson Hospital and Tumor 
Institute in the early 1970s and 
reported after 18 months' follow- 
up. 45 At that time, the chemothera- 
py group was doing slightly, al- 
though not significantly, worse. Re- 
cently this study has been rea- 
nalysed after 10 years' follow-up. 46 
The relapse-free survival now fa- 
vours the chemotherapy group, but 
although overall survival is better 
for that group, the difference is not 
significant. Local recurrence was 
lower in the chemotherapy arm (two 
versus eight), but metastases oc- 
curred with similar frequency — 
45% (9 of 20) in the chemotherapy 
group versus 48% (11 of 23) in 
controls. 

Because the early results of the 
M.D. Anderson Hospital study were 
negative, the trial from the United 
States National Cancer Institute 
was the first randomized study 47 to 
suggest benefit for adjuvant chemo- 
therapy. It should be emphasized 
that this study had serious flaws — 
the number of patients was very 
small, increasing the likelihood of 
imbalance of known and, more im- 
portantly, unknown prognostic fac- 
tors between the arms; the control 
group has done worse than expect- 
ed when compared with results re- 
ported by other centres, thus mag- 
nifying the difference between the 
two arms. Because the ADR dose 
was pushed to tolerance there was a 
30% incidence of subclinical cardi- 
omyopathy detected by nuclear 
medicine scans, and three patients 
suffered congestive heart failure. 
Benefit was observed only in ex- 
tremity sarcomas; the same chemo- 
therapy had no effect in head, neck 
and trunk sarcomas. The most re- 
cent analysis, 49 with median follow- 
up of 7 years, no longer demon- 
strates improved survival for the 
chemotherapy group (p = 0.124). 

Building on the results of their 
previous study, 47 and dismayed by 
the high incidence of cardiomyopa- 


thy, Rosenberg and colleagues com- 
pared their "standard" chemothera- 
py with an abbreviated course of 
treatment, giving much lower total 
doses of ADR and cyclophospha- 
mide and omitting high-dose me- 
thotrexate. 49 There were no signifi- 
cant differences between the two 
treatments, in terms of 5-year dis- 
ease-free (72%) and overall (75%) 
survival. In view of the lack of 
efficacy of ADR as an adjuvant, and 
the minimal activity of cyclophos- 
phamide in advanced disease, it 
would be surprising if this combina- 
tion proves to be effective. 

A Mayo Clinic, study 44 did not 
demonstrate any benefit for adju- 
vant chemotherapy, but the inci- 
dence of local recurrence (30%) was 
high in this trial, perhaps because 
radiotherapy was not used. In addi- 
tion, the chemotherapy used was 
inadequate — the vincristine, acti- 
nomycin D, cyclosphosphamide 
combination is inactive in advanced 
disease, and as vincristine, ADR, 
dacarbazine was only alternated 
every 6 weeks with the first combi- 
nation, patients received active 
drugs only every 12 weeks, and at a 
low dose intensity. 

For all patients in the EORTC 
study, 48 there was a significant im- 
provement in relapse-free survival in 
the CYVADIC arm (p = 0.01), 
although this is of borderline signif- 
icance on subgroup analysis by site, 
for both limb sarcomas (p = 0.06) 
and those of the head, neck and 
trunk (p = 0.09). However, there 
was no benefit for any group in 
terms of overall survival. In fact, 
the improvement in relapse-free sur- 
vival was entirely accounted for by 
reduced local recurrence in the CY- 
VADIC arm (p = 0.005) whereas 
distant metastases occurred with 
equal frequency in both arms (p = 
0.28). It is intriguing that the re- 
duction in local recurrence seems to 
be occurring in head, neck and 
trunk tumours. 


Conclusions 

Although the majority of studies 
suggest some limited benefit for 
adjuvant chemotherapy, the optimal 
regimen and timing of such therapy 
remain to be established. The con- 
clusions of the National Institutes 
of Health Consensus Development 
Conference on Bone and Soft-Tis- 
sue Sarcomas, 1984, remain rele- 
vant — "the efficacy of adjuvant 
systemic chemotherapy for high 
grade sarcomas remains to be estab- 
lished within the context of pro- 
spective clinical trials." 50 
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Items 253-255 

253. The procedure LEAST likely to aid in management of this patient is 

(A) conventional roentgenography of the thigh 

(B) angiography 

(C) ultrasonography of the thigh 

(D) computed tomography of the thigh 

(E) lymphangiography 

S^ilg.tLShotoTrbe " SUMaSda ' P ' m " ' he T> " — •"*<•* —d 'or 

! (A) multiple percutaneous aspiration needle biopsies 

(B) incisional biopsy 

(C) "core" needle biopsy 

(D) enucleation of the lesion for biopsy 

(E) wide local excision 

255. Pathologic examination shows liposarcoma Definitive rrpatmonf • i j , , 

EXCEPT uennmve treatment might include each of the following 

(A) wide anatomic soft-part resection 

(B) adjuvant postoperative radiotherapy 

(C) adjuvant postoperative chemotherapy 

(D) preoperative radiation therapy 

(E) preoperative systemic chemotherapy 

For the incomplete statements above, select the one completion for each that is best of the five given 
For the critique of Items 253-255 see page 426. 
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This iiudy was undertake* to analyze the effect of wfld-type pS3 
rjansfection on the growth potential of a human ttof cancer coll line 
Hut292DM expressing endogenous wild-type p$3. Transfectioa efll- 
cJencies obtained with either the wild-type or a mutant pS3 complemen- 
tary DNA revealed a aftgnlfkaaf decrease i* the nomher of colonies 
obtained with the wild-type p53 as compared to the mutant pS3 com- 
plementary DNA (27%) or control vector DNA only (20%). uagpntiflt 
that wQd-iype p53 Inhibited the growth of Hm292DM ceJhv A aeries of 
wild-type and mutant p53 transfecttoo clones were then analyzed for the 
presence and expression of the otogenous pS3 grnc. Polymerase chain 
reaction amplification revealed that 9t% of mutant p53 transfection 
clones analyzed contained the exogenous*!? gene as opposed to d7% for 
wild-type p53 clones. The majority of metaat pS3 clones expressed high 
levels of exogenous p53 mRNA and protein as analyzed hy Northern 
and Western blots, respectively. In contrast, all wild-type p53 clones 
analyzed failed to express exogenous p53 mRNA transcript or protein of 
a normal fttee. Aberrant-size p53 mRNA was detected in two wild-type 
p53 clones (X833.W2 and * 18), and Western bloi analysis revealed 
that these clones expressed truncated p53 proteins {M, 45,000 and 
33,000 respectively). No difference in proliferation rates in 
tumorrgeoic potential in nude mice were observed between 
clones or control cell lines.cln contrast, a wUa^rype p53 done 
exhibitrt:a:s]aiiiflcarf^ 
'whcrenOnOalrYr^p^^ 
cHut292DM ce!l«rThe dstriridi^tT^tcxo^efioos 


of the introduction of wild-type p53 cDNA J into tumor cells 
containing endogenous wild-type p53 have shown that there is 
no effect on in vitro growth (2, 4). 

The product of the pSS gene is a 393-amino-acid-long pro- 
tein, primarily localized in the cell nucleus, where it may inter- 
act with genomic DNA sequences to regulate the ceil cycle in 
two ways. The carboxy-terminal portion or the protein is asso- 
ciated with DNA binding, and a consensus DNA sequence 
which binds to p53 has now been defined that shares homology 
with DNA origins of replication (7, 8). The amino-terminal 
domain functions as a transcriptional modulator, possibly in- 
volved in the repression of nuclear oncogene transcription (9). 
In addition, p53 may control cell growth by binding to, and 
interacting with, nuclear proteins critically involved in cell cycle 
regulation such as the cyclin-dependent cdc2 kinase (10) or the 
murine double minute 2 oncogene product (11). Recent studies 
have shown that many cancer cells no longer express a normal 
p53 protein, the result of both alleles being inactivated by a 
combination of single allele deletion and point mutation of the 
remaining allele (12, 13). However, a significant proportion of 
human cancers arise in which no detectable alteration in p53 
expression is observed, seemingly precluding any role of the 
pS3 rumor suppressor gene in the natural development of 
***** ^"^jy^ these tumors. ^Ke^prtsenCstu4y^ 




rfcSTmayll^is^^ 

— ^ cofejspgejious^tf^ 

cmalTh^ogenou$:p53 protein^ 

Materials and Methods 

TransfectfoB. Human lung cancer Hut292DM cells were kindly pro- 
vided by C. Harris (U) and were grown in Dulbecco's modified Eagle's 
medium containing S% fetal calf serum. Transitions were performed 
by the polybrene-dimeihyl sulfoxide technique as described (15) using 
plasmid constructs obtained from B. Vogelstein: pCMVneoBam, a eu* 
karyotlc expression vector containing the cytomegalovirus constitutive 
promoter and the neomycin resistance gene under control or the simian 
virus 40 promoter. pCS3SN3, derived from pCMVneo by insertion of 
a full-length human wild-type p53 cDNA under control of the cytome- 
galovirus promoter, and pC53SCX3* which contains a single point 
mutation in the pS3 cDNA at codon 143 (substitution of alanine to 
valine). Hui292DM cells (2 x 10*) were transfected with 20 ftg or 
plasmid DNA, and following 3-4 weeks of selection in medium con- 
taining 1 100 tfg/ml geneticin, colonies were either stained with 5% 
Ciemsa to assess transfection efficiency or cloned and expanded Tor 
further analysis. 

Molecular Analysis of p53 Expression. Standard nucleic acid pro- 
cedures were performed as described (15). PCR analysis was performed 


Since its discover? approximately a decade ago, the pSS tu- 
mor suppressor gene has attracted a great deal of attention in 
cancer research, partly due to its capacity to prevent uncon- 
trolled growth of cancer cells and due to the realization that 
most types of human cancers studied, including lung, display 
some form or alteration of the pSS gene (1). The molecular 
mechanisms by avhich pSS may regulate cell cycle progression 
and therefore prevent tumor cell growth are poorly resolved at 
the present time. A variety or human tumor cells have now been 
shown to be growth arrested when transfected with the pSS 
tumor suppressor gene (2-5), and the cell cycle progression of 
these recipient cells is blocked in the G,-S transition phase 
(3, 6). However, this effect is seen only when the cancer cells 
contain mutated pS3 or are null Tor expression. To date, reports 
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trting DNA extracts obtained by the rapid detergent method described 
(4). The two primers used for p53 cDNA amplification (p53.1: S'-CAC 
CaC OCT GAC ACC CTT CCC TC-3 1 : p$3.2: S^CTC CTG OCT 
GCT TCT CAC CCA CAC-3 ) Rre complementary to S' mud 3' flanking 
sequences of the p53 coding region, respectively, and yield a 1.2-lci|o- 
base PCR product. Southern and Northern blot analysts were per- 
formed using genomic DNA extracts digested with BtmHl at total 
cytoplasmic RNA extracted as described (16). Nucleic adds vera s*p» 
arattd on 1% agarose 8*1* (DNA) or 1.2% aaarose-formaldehyde de- 
naturing gels (RNA) and transferred lo nitrocellulose membranes. All 
hybridizations were performed using a 1.8-ailobase full-length p53 
cDNA probe derived from pC53SN (following BamHl digestion) and 
radiolabeled by the random primer method. Protein extraction and 
Western blot analysis were performed as described (17). Protein ex* 
tracts were isolated from 59% confluent cells using RIPA buffer for cell 
lysis, and the protein concentration was determined by a modified 
Lowry colorimetric assay (DC protein assay kit; BioRad, Richmond, 
CA). Equal amounts of protein extracts ( 100 tig) were denatured (5 min 
at 100'C in presence of 0.1 m dithiothreitot), separated through 10% 
polyacrylamieW-sodium dodecyl sulfate gels, and transferred to nitre* 
cellulose membranes, Immunoblotting was performed using the mono- 
clonal an I i body PAb 1801 (Oncogene Science, Manhasseu NV) diluted 
1:500 a> the primary antibod) and a horseradish peroxidase-<oniugatrd 
goal anti* mouse IgG (BioRad) diluted 1:2000 as the secondarj aati* 
body. Detection of p53 antigen was performed using an enhanced 
chemiluminescenoe kit (Amersham, Arlington Heights, It) and follow- 
ing the manufacturer's recommendations. 

Cell Growth Analysis and Tiimorigeaiciry Amy. Cells (1-5 x 10*) 
were plated in 35-rnm tissue culture wells, and at various time points 
cells from duplicate wells were counted. Culture medium was changed 
3 times each week. Tumorigeniciry wis assessed by inoculating 5 x 10* 
cells at 6 shes into 4 -6- week-old athymic nude mice (one inoculation 
per animal). Tumors were measured wHJb linear calipers at regular 
intervals to compare growth properties between the different cell Unas, 

Results and Discussion 

Three separate transfection experiments were performed in 
an attempt to express exogenous p53 cDNA (wild-type and 
mutant versions) in Hul292DM human lung cancer cells. 
Transfection efficiencies (see Table 1) from all three experi- 
ments indicate a significant decrease in the number of generi- 
cin-resistam colonies obtained with the wild-type pS3 cDNA as 
compared to the vector construct alone. In contrast, the mutant 
p53 cDNA did not appear to affect the transfection efficiency. 
These results suggested that expression of exogenous wild-type 
pS3 inhibits Hut292DM cell growth or that high levels of ex- 
pression are incompatible with sustained proliferation of these 
cells. A detailed molecular analysts of p53 expression in a series 
of transfection clones was then undertaken to gain more insight 
into the possible role of p53 in the control of Hut292DM tumor 
cell growth. PCR analysis of pS3 cDNA was performed on a 
series of mutant and wild-type pS3 transfection clones derived 
from rwo separate experiments (X81 3 and X8331. The majority 

Table I Transection rffkiencits of wiU-iype *n4 mutant piS exawnfa* 
vectors in HmtMDM etUs 

Three separate transection experiments (XSl 3. X832, X833J were performed 
using Hut292DM ceJJn and the plasmid DNA coastmctt pC53SN) and 
PCS3SCX3, which contain e human p53 cDNA (vUrf-typ* or rauuied at codo© 
143, respectively) under usn&criptioiial control of the humas cytomegtJovinu 
promoter, as well as pCM VoeoBam (vector DNA only), Transection efficienci* 
arc expressed as the tout number of fcnctkfo~rt*isiani colonies obtained onus 
jO »*g platm id DNA and 2 * 10* orlls nod after 4 weeks of selection. 

pCS 3$ N J pCSlSCXJ pCMVoeoBtai 
E^pcntnent (wild-tyfw) (nnuat) (wclorl 

XSIJ 115 600 " " 720 
X8J2 55 240 390 
_ X833 7*0 |9no 2520 


or X833 mutant pS3 clonei analyzed displayed a 1.2-kilobase 
PCR amplification product which contains the entire p53 cod- 
ing region (16 of 18, or 89%) whereas only 47% (8 of 17) of 
the wild-type pS3 transfection clones displayed a p53 cDNA- 
related PCR product (Fig. M). Interestingly, one of these 
clones (X833.W2) yielded an unusually large PCR product of 
1 ,8 kilobases which indicates a probable rearrangement of the 
p53 coding region either by insertion of foreign sequences or 
by partial duplication of the introduced p53 cDNA, Southern 
Mot analysis of PCR-positive clones confirmed the presence of 
exogenous p53 cDNA sequences in all X833 mutant p53 clones 
analyzed (8 of 8) and in most (7 of 9) wild- type pS3 clones (data 
not shown). However, only a few of the wild-type clones 
(3 of 9, or 33%) displayed the expected 1.8-kilobase hybridiza- 
tion signal, the other clones bring associated wifn larger-size 
hybridization signals corresponding to plasmid DNA rear- 
rangement. In contrast, nearly all mutant clones (6 of 7» or 
86%) displayed the expected 1.8-kilobase band, which suggests 
that the cDNa has not been rearranged upon integration. These 
results not only confirm the PCR analysis carried out on the 
mutant pS3 transfectants but also show a further decrease in the 
number of clones harboring a normal copy of wild-type p53 
cDNA. 

Northern blot analysis of these transfection clones was then 
performed to examine p53 mRNA expression (Fig. 10). All 
transfection clones analyzed, as well as parental Hut292DM 
cells, express a 2.8-kilobase band which corresponds to endog- 
enous p53 mRNA. This band appears to be of comparable 
intensity for all clones analyzed and therefore indicates equal 
RNA loading of all samples. The exogenous pS3 mRNA can be 
differentiated in this analysis from endogenous mRNA due to 
its smaller size of 2.65 kilobases. The majority (S of 8, or 63%) 
of the mutant p53 clones analyzed expressed very high levels of 
the 2.65-kilobasc exogenous mRNA species. In contrast, no 
normal-size transcript characteristic of exogenous p$3 was de- 
tected in any of the wild-type p53 clones analyzed. The same 
analysis performed on a series of separate transfection clones 
(experiment X8I3) was also performed and resulted in similar 
findings. Briefly, PCR analysis for the presence of pS3 cDNA 
was positive for the majority of mutant X8I3 transfection 
clones analyzed (7 of 12, or 58%) whereas only two wild-type 
X8I3 clones were positive in this assay (2 of 12, or 17%). 
Northern blot analysis showed high levels of expression of the 
exogenous p53 transcript in most of the X813 mutant p53 
transfection clones analyzed, whereas the X813 wild-type p53 
clones positive by PCR analysis failed to express the exogenous 
transcript. 

Two of the wild-type p53 transfection clones (X833.W2 and 
W18), however, did express high levels of aberrant p53 mRNA 
transcripts, a finding which prompted us to analyze whether 
these transcripts might be translated. Fig. 1C shows the expres- 
sion of p53 protein by clones previously analyzed for p53 
mRNA expression. As with the Northern blot analysis, p53 
antigen was easily detected in most mutant p53 clones analyzed 
(7 of 8, or 88%), which is in agreement with the prolonged 
half-life of mutant forms of p53 compared to that of wild-type. 
Cln contrasj; a vei 7 faint band ^c^ 
^ protein was detected io pwritaTH^ 

Call of the wild-type clones. No increase in the expression level of 
this M t 53.000 band was observed in the wild-type p53 clones, 
which correlates with the absence of normal-size exogenous 
transcript detected by Northern analysis. Several wild-type 
clones did, however, express high levels of truncated forms of 
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Fi*. 1. Analyst* of exogenous p53 expression in i tenet of wild-type and rouiadt p53 iransfection ctonn derived from Hui392DM otlb (transaction eiperiimmt 
X83J), ^. PCR amplification of • 1.2-kilobast fragment corresponding Co the full- length coding resjion of p53 cDNA. fo* wild-type pS3 tniufcction clones; bottom, 
mutant p53 clones. *\ Nortbcni blot analysis of wtJd-iype (left) and mutant pS3 (n'fAi) transfeciion clones as *ell as control parental Huf292DM cells (U** ttkft. 
Endogenous p*3 mR.N.A migrates at a position corresponding to 5.8 kiloba*** and may be difTerenuited from exogenous p53 mftNA (2.6S kilobuses), C, Western bloi 
analysis of pS3 antigen using the same veils as in A. The position of migration of the normal pS3 m indicated. 


p53 protein. These truncated p53 variants appear to be related (wm diflfcrw 
to the aberrant mRNA transcripts expressed by these clones. In qfeo for theirto^ 
particular clones X833.W2 and W 18, which were associated Tyrx p53 tran$feclion clor) 


*ith a larger and smaller size mRNA transcript, respectively, C reduced tumorigenic po 


both appear to synthesize, respectively, truncated M w ~ 45,000 V 
and -33,000 pS3 proteins. Two additional bands of higher 
molecular weight (approximately 55,000 and 75,000) were de- 
tected in all samples analyzed; these probably represent com- 
mon epitopes shared by proteins unrelated to p53 but recog- 
nized by the monoclonal antibody used in this assay. 

Selected clones were farther analyzed for their growth prop- 
k erties in vitro (Fig. 2). The growth rates (e.g., doubling times) 
and saturation densities oT'v aTlcniTTffu ^^ qio not 

var^g nificanlirtronTTh^r^ parental HutlttDM-tetis rTur- 


txwsfccted cells. Interestingly. 



consistently exhibited a 
d to pare n tal or vector 
i.W2 cells »crc shown by 


thermorc, wild-type p53-transfected cells shown to express high 
levels of truncated p53 protein exhibited similar in v/rro growth 
properties as parental Hut2°2DM cells or c ells tran sfected with 
the control vector only (data not shown).CThe r«ultV^owever, 


Western blot analysis to express wfjat appear s TcTbe a mildly 
tr uncateo^foJiii uf the pSXprotein with a mo lecular Weight of 
approxim ately 4S#Q 0. M oiemei. " all other forms of t r uncat ed 
p53~pro~lein of smaller size did not appear to afTect the tumor- 
igenic potential of Hut292DM transfeciion clones. Various 
mutant p53 transfeciion clones, tested under identical experi- 
mental conditions, displayed a tumorigenic potential similar to 
that of parental or vector transfected Hut292DM cells (data not 

shown). 

(The3rewlte-of~the-molecular-an^ 
t^HdTr^randzmut&njrp^ 
cgro*rlh:supp7e!M^ 

6WiJd-tyTx:p53 ui this human lung carK the 
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clonal analysis, repealed iwioe on two separate transfectioncx- 
periments, consistently failed to identify any wild-type trans* 
fection clones expressing a normal exogenous p53 protein, 
whereas exogenous mutant p53 appeared to be stably expressed 
ai high levels in nearly all clones analyzed. We conclude from 
these results that expression of exogenous wild-type pS3 b 
incompatible with the sustained proliferation of Hut292DM 
cells, a finding consistent with the transfection efficiencies ob- 
tained with the wild-type and mutant cDNA constructs (see 
Table 1). These results also demonstrate that a single point 
mutation at codon 143 (a transition from an alanine to a valine 
residue) results in the apparent loss of function of pS3 with 
respect to its growth-inhibitory properties for Hut292DM cells, 
since no difference in transfection efficiency was noted using 
cither the mutant p53 cDNA or the control vector. Several 
studies involving human colon* breast, and lung cancer cells 
(2, 4, 5) have also shown that restoration of normal pS3 protein 
expression in otherwise defective cell lines (either null for p53 
expression or carrying a p53 mutation) severely affected the 
growth capacity of these model cell lines. This indicates that the 
loss of function resulting from p53 alterations may represent a 
critical step in human carcinogenesis and could lead to some 
form of gene therapy based on the restoration of expression of 
p53 in defective cell lines. However, previous efforts to influ- 
ence the growth potential of tumor cells expressing endogenous 
wild-type p53 by transfection of the p53 gene were not success- 
ful (2, 4), although the reaso n for this f ailure Is poorly under- 
stood. (&enowdcm^tratrthat expressio n of exogenous wild? 
C?ype.pS3;may:lead:to:thergrowUi i arresi-of highly proliferative^ 
(tumorTcelU con^tiw^ 

<p53.Jrhejtaru$ of the ^5£g ene in t his cvU lifte wMTarjalyxed:7 
(prewbusly;by full-length sequ tricing of the eDtirc^o^ing regions 

tenLwiih ourpr^ni W 
3ion of ira« amounis 6r p53^te?n in t 


tion or interaction with another protein (IS). An alternative 
explanation for the capability of additional exogenous wild-type 
pS3 to inhibit cell growth may reside in the very short half-life 
associated with wild-type pS3 protein as compared with the 
prolonged half-life of mutant forms of the protein. It may be 
argued that specific proteases are involved in the degradation 
and elimination of p53 function throughout the cell cycle and 
that when a critical level of p53 protein synthesis is reached 
these proteolytic events are no longer able to control ovcrex- 
pression of wild-type p53. Furthermore, a negative feedback 
mechanism for pS3 expression has recently been described 
whereby p53 represses the transcriptional activity of the p53 
natural promoter (19). Evidently, this negative regulatory 
mechanism was not effective in our transfection studies, which 
used a cytomegalovirus heterologous promoter fof exogenous 
p53 expression. We do not necessarily favor a mere toxic effect 
elicited by high levels or wild-type p53 expression, as previous 
studies using identical expression vectors have shown that cer- 
tain tumor cells tolerate such levels of expression without any 
observed effect (2, 4). Therefore, our present work extends the, 
scope of the pote ntial effectiveness of wild-type pS3 to control 
tu mofgrowth to recipient cel ls that contain no apparent defect 
in en floaenouc wild-type psyeTqmmiott. A s our knbwledge of 
p53 regulatory mechanisms increases it will be of interest to 
compare our results with those of other model systems, which 
may help understand why Hut292DM cells are sensitive to 
exogenous wild-type p53 expression. 

Our data also indicate that although expression of exogenous 
pS3 is incompatible with Hut292DM cell growth j'jv vitro, we 
were able to isolate stable transfection clones expressing various 
truncated forms of pS3 protein. Cells expressing high levels of 
truncated p53 protein were not, however, affected in their in 
vitro growth properties. This may indicate that a critical domain 
of the molecule which mediates tumor cell growth control in 
vitro has been deleted from the final translation product, pos- 
sibly as a result of gene rearrangement or point mutation lead- 
ing to s stop codon. The lack of any apparent inhibition of 
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growth in vitro displayed by cells expressing various truncated 
pS3 protein was in sharp contrast co the tumorigenic potential 
of X&JJ.W2 cells, which synthesize a high te*d of a M 9 4$,000 
pS3 truncated protein and consistently displayed growth inhi- 
bition in vivo. Although our observations to date are based on a 
single clonal event, the result* suggest that growth control 
mechanisms mediated by p5i differ in vitro from in vivo situa- 
tions and that separate domains of the p53 molecule may be 
responsible for these effects. We are no* in the process of 
sequencing the** altered forms of p53 in order to obtain a better 
definition of the domains possibly involved an growth regula- 
tion observed in vitro and in vivo. Although we are only begin- 
ning to understand the mechanisms by which the pSi tumor 
suppressor gene may control abnormal proliferation of cancer 
cells, this study provides original evidence that a human lung 
cancer cell line expressing endogenous wild-type p53 can be 
growth inhibited by high levels of p53 expression. These results 
should also provide useful information on the domain-function 
organization of the pS3 protein. 
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ABSTRACT 

To evaluate the effects of the wild-type p53 expression 
in normal and tumor cells, we have constructed a recombi* 
nam adenovirus vector (El minus) expressing human wild- 
type p53 cDNA I AdWTp53l. Infection of normal and tumor 
cells of lung and mammary epithelial origin with AdWTp53 
resulted In high levels of wild-type p53 expression. Produc- 
tion of pS3 protein following infection was dependent on the 
dose of AdWTp53 with maximum amounts of p$3 produced 
following infection with 50 plaque-forming unlcs/celL Ad- 
WTp53 infection Inhibited the growth of all human cell lines 
studied. However, minor cells that were null for p53 prior to 
infection (H-358 and MDA-WIM57) and tumor cells that 
expressed mutant endogenous p53 protein (MDA-MB-231 
and MDA-MB-453) were more sensitive to AdWTp53 cyto- 
toxicity than cells that contained the wild-type p53 fMCF-7, 
MCF-lfl, 1MBS, and normal mammary epithetial cells). All 
cells exhibited WAFl/Cipl mJLNA and protein Induction 
following AdWTp53 infection. AdUTp53-induced ototox- 
icity of human tumor ceil tines expressing mutant pSS was 
mediated by apopJosfc as revealed by nucleosomal DNA 
fragmentation analysis- No detectable nucleosomal DNA 
fragmentation was observed following AdWTp53 infection 
of buman cells expressing wild-type p53. These data suggest 
that endogenous p53 status is a determinant of AdWTp53- 
medlaied cell killing of human rumor cells. 

INTRODUCTION 

The rumor suppressor gene p53 is apparently the most 
frequently altered gene analyzed in human tumors, including 
those from breast and lung (1-3). Recently, there has been an 
increasing interest in elucidating the mechanisms by which p5S 
mediates iu functions in normal eelk how various mutations in 
p.Vt are responsible foi aberrant cell growth (1. 4), and the 
possibility of using wild-type p5.? in gene therapy (5). h is 
therefore important to understand the biological consequences 
of the wild-type ovcrctpression in both normal and tumor 


cells. Different approaches have been used to study the effects 
of p53 expression in cells, including exposure of cells to UV 
radiation and DNA damaging agents (6-9), both of which have 
been shown to induce increased expression of cellular p53. 
Alternative genetic approaches have also been used, including 
introduction of a temperature-sensitive mutant of pSS (10-32) 
or gene knock-out experiment* (13) to alter intracellular p53 
expression and function. There is compelling evidence thai 
wild-type p53 can negatively influence cell growth by causing 
C, arrest (8, |0) and/or by inducing apoptosis (6. 7. 1 1. 12. 14. 
15). In cells expressing mutant »5,?, these effects of wild-type 
p53 are abrogated, resulting in abnormal cell growth (I, 4, 15). 

One approach to understanding the role of p53 protein is to 
utilize p53 expression vectors capable of producing high levels 
of p53 protein in cells. This strategy not only allows the study 
of the role of p53 in the control of regulation of cell growth in 
both normal and malignant cells, but also has implications in 
gene therapy for cancers which are null for p53 or express 
mutated p53. Although plasmids and retroviruses have been 
used to express p53 protein (4. 14, 16), the efficiency of these 
transfection techniques is generally low. To study the effects of 
wild-type p53 expression in normal and transformed epithelial 
cells, we have generated a rcplication-deficienl Ad* containing 
a human wild-type p53 cDNA (AdWTp53), The choice of 
adenovirus vector was made because adenovtrus-based vectors 
can grow to high titers (17. 18), are internalized into cells with 
an efficient receptor-mediated endocytosis 0°, 20). are replica, 
lion incompetent (21. 22), and express a transgene to high levels 
in epithelial cells (20, 22). We have used this vector to express 
wild-type p53 protein in rumor and normal cells with different 
intrinsic p53 status (miU, mutant, or wild type) to (o) examine 
the effects of high levels of p53 on the growth properties of 
normal and tumor cells, (b) examine the effects of pS3 expres- 
sion on the induction of WAFI/Cip) and m&ml gene expression, 
and (c) evaluate the role of apoptosis in pS3-mediated cytotox- 
icity. These studies indicate that an adenovirus vector express- 
ing wild-type p53 is markedly cytotoxic to tumor cells that have 
null or mutant p53 expression, and that this vector can provide 
a useful tool to study the precise molecular mechanisms by 
which p53 mediates its effects in normal and transformed cells. 

MATERIALS AND METHODS 

Construction of an AdWTp53. AdWTp53 was con- 
structed using wuransfection of shuttle vector pDKlO contain- 
ing the wild-type p53 expression cassette and a plasmid pJM17 
containing the adenovirus type 5 genome. The shuttle vector 
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pDKlO was constructed by inserting the human cytomegato- 
virus immediate early promoiur and enhancer, a 1.7-kb Xbal 
fragment of human p53 cDNA (23), ihe SV40 small T intron. 
ind SV40 pulyadenylation signal into the C!u\ site of plaamid 
pXCX2 (18). Plasmid pDKlO was eotransfected with pJMt7 
(Ref. 24; kJndly provided by F. Graham, Mc Master University. 
Hamilton, Ontario, Canada) into the transformed human embry- 
onic kidney cell line 293 (ATCC CRL1573) by calcium phos- 
phate-mediated gene transfer technique (Refc. 18 and 25; 
ClBCO-BRL, Gaithersburg, MD). The day following transac- 
tion, the medium was replaced with a IX MEM (GIBCO-BRL) 
containing 1% sea plaque agarose gel (FMC, Rockland, ME) 
and 10% FBS (GIBCO-BRL), and the cells were incubated at 
37'C, Every five days 2 ml MEM containing 1% sea plaque 
agarose gel and 10% FBS were added to the top of the cells until 
plaques were observed. Isolated plaques were picked and sub- 
jected to another cycle of infection in 293 cells as described 
previously (18» 25). - 

Purified recombinant Ad WTp53 viruses were assayed for 
the absence of Els and the presence of p53 sequences using 
PCRs (26). Ceil lysates were prepared 24 h following infection 
with adenoviral vector using guanidine thiocyanatc solution, and 
atiquots were used for PCR analysis. For Eta analysis, the 
primers used were 5'-TCTTGaGTGCCaGCGAGTAG-3' and 
S'-CAAGGTTTCCCATAGAAACC-3'. For pS3, one primer 
(S'-GTTGGCTCTGACTGTACC-3') was selected from exon 7, 
and the downstream primer S'-GTTCCGTCCCAGTaGaT- 
TaCC-3' was selected from the exon 8. This combination of 
primers can differentiate the PCR product of the endogenous 
genomic p5J gene from the viral-associated pSJ gene. Ad- 
WTp53 was propagated in 293 cells grown in monolayers, 
purified by two cesium chloride density gradients, dialyzed 
against a buffer containing 10% glycerol, 1 mm MgCI 3 (pH 7.5), 
and stored at -70*C as described previously (20). 

Control adenovirus vectors used in this study were: 
Ad.RSVpg?!, an adenovirus vector containing ^-gajactosidase 
gene (27), and AdControl. an adenovirus vector d!3l2 contain- 
ing no insert (Ref. 21. kindlv provided by T Sbenk, Princeton, 
NJ). 

Ceil Culture. Breast cancer cell lines jMDA-MB-23i 
(ATCC HTB26), MCF-7 (kindly provided by R. Buick, Univer- 
sity of Toronto, Toronto, Ontario, Canada), and Adr* MCF-7 
(28)] were cultured in a-MEM (GIBCO-BRL) supplemented 
with 10 idm HEPES, 2 rim glutamine, 0.1 mH nonessential 
amino acids, 10% FBS, I ng'ml EGF, and 2 u.g ml insulin (29). 
H-358, a King cancer cell line (kindly provided by J. Minna, 
University of Texas, Dallas, TX), and MDA-MB-453 cells, a 
breast cancer cell line (ATCC HTB13I). were grown in RPM1 
1640 containing 10% FBS, MDA-MB-157 (ATCC HTB 24), a 
breast cancer cell line, was grown in improved minimum essen- 
tial medium (IMEM) (GIBCO-BRL) supplemented with 10% 
FBS and 0.5% Redu-Ser II (Upstate Biotechnology Inc., Lake 
Placid, MY). NMECs derived from reduction mammoplasties 
(CC-201 6; Genetics Corp., San Diego, CA), and 184B5 cells, 
immortalized mammary epithelial cells (ATCC CR LI 03 17), 
were cultured in mammary epithelial basal medium (Clonetics 
Corp.) supplemented with IX vitamins. 0.5% FBS, 20 ng/ml 
EGF, 5 pg/ml hydrocortisone and 52 ^.g/ml bovine pituitary 
extract (29). Immortalized MCF10 cells (kindly provided by S. 


Brooks. Michigan Cancer Foundation, Detroit, MI) were cul- 
tured in DMEM/FI2 (GIBCO-BRL) supplemented with 2.5% 
horse serum (GIBCO-BRL), 10 iam HEPES (Calbiochem. U 
Jolla. CA), 2 mw glutamine (Biofluids. Rockville, MD), 0.1 ram 
nonessential amino acids (GtBCO-BRL), 20 ng/ml EOF (Up- 
state Biotechnology), 10 u.g/ml insulin (Bochringcr Mannheim, 
Indianapolis, IN), and 0J u.g/ml hydrocortisone. 293 (ATCC 
CRL 1 573), an adenovirus 'transformed human embryonic kid- 
ney cell line, was cultured in improved MEM (Biofluids) sup- 
plemented with 2 itim glutamine (Biofluids), 2.5 u,g/m) Fungi- 
zone (Biofluids), 100 units/ml penicillin, 100 u.g/ml 
streptomycin (1 Ota Pen-Strep; Biofluids), and 10% FBS. 

Effect of AdWTp53 on Cell Growth. To study the 
effect of adenovirus vectors on cell growth. 5 x 10* cells were 
plated in each well of 6-well dishes. After 24 h, cells were 
exposed to AdWTp53 or AdControl (10 pfu/cell) in medium 
containing 2% FBS. After an incubation of 2 b at 37"C, serum 
concentration in the medium was raised to 10% and incubations 
continued at 37*C. Cells were trypsinized on each day and 
counted using a hematocytomeier. Cytotoxicity of adenovirus 
vectors was assessed using a colorimetric assay as described 
previously (30). Briefly, 500 cells were plated in each well of 
96- well plates and incubated for 24 h. Cells were then exposed 
to the appropriate cell growth medium except that the concen- 
tration of the serum (if it was a component of the growth 
medium) was reduced to 2%. Different doses of adenovirus 
vectors were included in the incubation medium (.several 5-fold 
dilutions). After 2-h incubation at 37"C, the serum concentration 
was increased to 10%, and the tells * c re incubated for 7 days 
at 37*C. Cells were fixed by the addition of ice-cold 50% 
trichloroacetic acid (added onto the top of the medium in each 
well to a final concentration of 10%), incubated at 4°C for I h, 
washed five times with water, and then air dried. Trichloroacetic 
acid-rued cells were stained for 20 min with 0.4% (w/v) sul- 
forhodamjne B (Sigma, St. Louis, MO) dissolved in 1% acetic 
acid followed by rinsing four times with 1% acetic acid. An 
was obtained using a Bio Kinetics Reader EL340 (Bio-Tek 
Instruments) and was used as a measure of cell number. The 
percentage of survival rates Of cells exposed to adenovirus 
vectors were calculated by assuming the survival rate of unin- 
fected cell* to be lOtrr. 

3-GaIactosldase Activity following Ad.RSV0-gaJ Infec- 
tion. The depression of an adenovirus vector containing the 
P-galactosidase gene was examined by plating 2 x I0 4 cells in 
each well or a 9rVweIJ plate. The cells were exposed 24 h later 
to various concentrations of Ad.RSVp-gal (0. 1-500 pfu/cell) in 
medium used by each respective cell line except that the serum 
concentration (if required) was reduced to 2%. After 2-h incu- 
bation at 37'C, the serum concentration (if required) was raised 
to 10%, and ihen cells were incubated at 37°C for an additional 
24 h. Cells were then washed three limes with PBS (pH 7.5) and 
lysed in 50 [tl 0,1 m Tris (pH 7.5) containing 0.1% Triton 
X-100. An aliquot (30 u.1) was assayed for 0-galaciosidase 
activity using a modified protocol (27), Samples were trans- 
ferred to each well of 96- well plates and treated with 100 u.1 20 
rim Tris (pH 7.5) containing 1 mM MgG 3 , 450 u.M (J-mercap- 
toethanol, and 150 u.M 0-mtrophenyl-P"galactopyranoside. In- 
cubations were performed at 37°C for 20 min, and the reaction 
was stopped by the addition of 150 u.|/wcll of I m Na 3 CO, The 
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absorbancc was determined at 420 nm. An A 430 of 1 was defined 
as 1 unit of enzyme activity. 

lmmunopreclpltadon of p53 Protein in Calls Infected 
with AdWTp53. Cells (1 >t were plated in 10-em dishes 
and infected with AdWTp53 or AdComrol for 24 h as described 
shove. Immunoprecipitations were performed using an anti-p53 
antibody essentially as described (31). tn brief, cells were incu- 
baled with 3 ml mcthioninc-free DMEM (Biofluids) containing 
5** dialywd FCS (Biofluids) and 100 ^Ci/ml | "S]methioninc 
and | w S|cysteine mixture (Expre M S v S-protein labeling mix, 
1000 Ci/mmol; New England Nuclear) for 2 h. Cells were 
washed with ice-cold PBS and solubilfced at 4*C in buffer A 
[150 m* NaG, 50 mx Tris-HCI (pH 7.5). 1* NP40. 0.1% 
sodium deoxycholatr (Sigma). 0-5*5 sodium lauryl sulfate 
(SDS) (Research Genetic*, Huntsville. aL). 1 mM phenylraeihyl 
sulfonylflouride, 10 p.g'ml aprotinin, 1.0 ng/ml leupeptin, and 
1.0 u,g/m) pepstatin (all protease inhibitors from Boehringcr 
Mannheim)). Aliquots of 500 p.! "S-laheled lysales were incu- 
baied with a 1:50 dilution of anti-p53 mAb PAb 1801 (Ab-2; 
Oncogene Science, Uniondalc, NY) at 4°C for 1 h, after which 
15 u.1 protein A/G agarose (Oncogene Science) were added, and 
the incubations were continued for an additional 1 h with 
rotation. Samples were then ccnirifuged at 5000 * g for 5 min, 
and ihc pellets were washed successively with buffer A, buffer 
A containing 1 m NaCl, and finally with buffer A again. SDS gel 
sample butter (50 p.1) was added, and the samples were heated 
for 5 min at 95 P C to elute proieins from the immunoadsorbent. 
The tubes were cemrifuged again a! 5000 * * for 5 min, and 
20-u.I aliquots of protein samples were subjected to SDS-PaGE. 
Gels were then dried and exposed to X-ray film as described 
previously (31 )• 

Western Blot Analysis of p53, VVAFl/Cipl, mod indm2 
Proteins is Cells Infected with Ad WTp53. Cells (0.5 X 1 CT) 
were plated in 6-cm dishes and incubated with AdWTp53 or 
AdComrol for 24 n as described above. Cells were then washed 
three times with ice-cold PBS, scraped and resuspended in 1 ml 
IX SDS-PAGE buffer (62 mM Tris, pH 6.8, 2 idm EDTA, 15% 
suerose, 10% glycerol, 3% SDS, and 0.7 as 2-mcreaplcethanol), 
and boijed for 10 min. Equal amounts (15 or 50 fig) of dena- 
tured protein were elecuophoresed on SDS-polyacrylamide gels 
and transferred to nitrocellulose filters (29). Filters were blocked 
with Tris-buffered saline containing 5% dried milk and 0.1% 
Tween 20 (Sigma). Blots were probed with 4 p.g/ml Ab-2 and 
Ab-6 for p53, 4 u,g/ml EA 10 for WAFl/Cipl, 3 |i.g/ml IF2 for 
mdml or 3 jtsyml acttn (Ab-1) antibody. All antibodies were 
obtained from Oncogene Science. After incubation with the 
primary antibodies, the blots were washed with Tris-hufferrd 
saline containing 0.1% Tween 20, incubated with horse radish 
peroxidase conjugated to secondary antibody, and specific com- 
plexes were delected by the enhanced chemiluminesccnee tech- 
nique according to manufacturer's directions (New England 
Nuclear). 

Northern Blot Analysis of W AFl/Cipl and mdm2 In 
Cells Infected with AdWTp53. Oils (2 x 10") were plated 
in 15-cm dishes and incubated with 10 pfu/cell of adenoviral 
vectors. After incubation for 24 h at 37*C RNA was extracted 
by rinsing cells three times with cold PBS and dissolving the 
cells in a 2-ml solution of guanidine isothiocyanaic. RNa was 
purified by centrifugation over a 5,7 m cesium chloride cushion 


(29), fractionated by electrophoresis in agarose gels containing 
formaldehyde, transferred to Magna NT filters, and cross-linked 
as described previously (29). Following prehybridization, filters 
were hybridised using a 2.1-kb fragment of WAFl/Cipl or an 
800-bp fragment from 36B4. Following hybridization, the fillers 
were washed and exposed to X-ray films, and auioradiographs 
developed as described previously (29). 

Detection of Nucleosomal DNA Fragmentation lit Cells 
Infected with AdWTp53. For DNA fragmentation studies. 
2 x 10* cells were plated in 10-cm dishes and incubated with 
adenovirus vectors (50 pfu/cell) for 24 h. Both adherent and 
floating cells were collected together and pelleted by centrifu- 
gation at 1800 x g for 5 min (RT-6000B; DuPont, Boston, MA). 
Cell pellets were rinsed with cold PBS, and low molecular 
weight DNA was prepared using a modified Hirt extraction 
method as described previously (221. Briefly, pellets were lysed 
in 1 ml 10 tr>M Tris, 10 mM EDTA disodium (pH 7.4; Research 
Genetics), 0.6% SDS (Research Genetics), and 0.2 mg/ml pro- 
teinase K (Boehringcr Mannheim). Samples were incubated at 
55"C for 5 h, and low molecular weight DNA was prepared 
using the Hirt extraction method (22) and evaluated by electro- 
phoresis on agarose gel (2%). 

The presence of apoptotic cells was also followed by an in 
situ apoptosis detection kit (catalogue number S71 10-kii; Oocor, 
Gaithersburg, MD) according to the manufacturer's instructions. 

RESULTS 

Construction of an AdWTp53. Homologous recombi- 
nation between shuttle vector pDKlO, containing an expression 
cassette of human wild-type p53 cDNA and the adenovirus 
genome cloned m plasmid pJM17, generated an adenovirus 
clone in which the adenovirus El region was replaced by the 
wild-type p53 cDNA expression cassette. PCR analysis of the 
purified recombinant adenovirus indicated that it contained p53 
cDNA but was devoid of Ela sequences. Fig. 1 is a schematic 
diagram of AdVVTp53. The 5' end of the genome contains the 
AdWTp53 expression cassette (10.3 my) followed by the rest of 
the adenovirus genome. The key elements of the expression 
cassette of AdWTp53 include the left inverted terminal repeat, 
adenoviral origin of replication* encapsidation signal, Ela en- 
hancer, cytomegalovirus immediate early promoter, the human 
wild-type p53 cDNA, and SV40 polyadenylation signal. 

AdWTp53-mediated Synthesis of pS3 Protein. To de- 
termine whether AdWTp53 expresses the p53 protein in tumor 
cells, a lung tumor cell line H-358, which lacks endogenous p53 
(2), was exposed to various concentrations of either AdComrol 
or AdWTp53 for 24 h. Following infection, Immunoprecipiia- 
tion of p53 was performed as described in "Material* and 
Methods.'* As shown in Fig. 2A, there was no detectable p53 in 
H358 cells infected with AdComrol. In contrast, p53 protein 
was easily detected by uTununoprecipitation in cells infected 
with 1 pfu/cell of AdWTpS3. Furthermore, the amount of im- 
munoprecipitablc p53 protein increased with increasing concen- 
trations of AdWTp53 vector 

To investigate adenovirus-mcdiated p53 expression in 
breast rumor cells, we exposed several different mammary cell 
lines (MCF-7, MCF-10. Adr> MCF-7, and MDA-MB-231) to 
AdWTp53 and assessed the synthesis of p53 protein by immu- 
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fr*. 2 A. immunoprcctpfuunn or "S*labeled human wild-type pS3 
protein from H-358 cells exposed to various doses of AdWTp53 or 
AdControl, H-358 celts were exposed to various concentrations of either 
AdControl or AdWTp53 for 24 b as described In "Material* and 
Methods/* After labeling the cells with ("S]mcthioninc*cy&ieirt«. cell 
lysates were immunoprecipitatcd using anli-pS3 antibody, solubiliged 
protein samples were loaded on 8% SDS-PaGE, and gels were dried 
and exposed to X-ray film. Left panel signals of p53 precipitates from 
H-35S cells exposed to AdConirol ai 0.1, I. 10, and 50 pfu/ccll and 
uninfected cells. Right panel signals of p53 precipiuic* from H-358 
cells exposed to AdWTp53 » 0.1, 1, 10, and 50 pfu/cell. Numbers 0-30 
on top of the lanes, pfu/cell. Arrow, position of p53 protein on gels. B t 
unmunoprccipitation of "S-Iabeled p53 protein from various cell lines. 
Vsnous cells (MCM0. MCF-7. MDA-MB-231, and Adr* MCF-7) 
were exposed to AdWTp53 (50 pfu/cell) or AdConirol (50 pfu/cclj), and 
p53 protein was immunoprecipiuied as described above. Left pwiW, 
results of p53 immunoprecipttation of uninfected cells; middle panel, 
immunopfecipitarion of Celts exposed to AdControl; and right panel results 
of cells exposed to Ad WTp53. Arrow, position nf p53 protein on gets. 


noprccipitation. As shown in Fig. 2*, MCF-10, MCF-7, Adr* 
MCF-7. ami MDA-MB-231 expressed low levels of endogenous 
p53. However, following exposure of the cells to 10 pfu/cell of 
AdWTp53, t marked Increase in the level of p53 protein was 
observed in rhe infected cells. In contrast, infection with Ad* 
Control did not result in any increase in p53 expression above 
that present in uninfected cells. These results were also coo- 
firmed by Western blot analysis (see below) and indicate that 
AdWTp53 can infect both human mammary and lung cells. 
Moreover, infection with AdWTp53 resulted in high leveb of 
p53 expression in these cells. 

Effect of AdWTp53 on Cell Growth. We investigated 
(he effect of high-level wild-type p53 expression on the growth 
of celts having different p53 status. For these studies we used 
H-3S8 lung cancer cells, which are devoid of p53 (p53 null: Ref. 
2), MDA-MB-231 human breast cancer cells, which express 
mutant p$3 (32), and MCF-7 human breast cancer cells, which 
express wild-type p53 ( 16, 32). Each cell line was exposed to 10 
pfu/cell of either AdWTp53 or AdControl and harvested daily 
for cell counts. As shown in Fig. 3, A and B, infection of H-358 
and MDA-MB-231 cells with AdWTp53 completely inhibited 
cell growth over the 4-day pemxi examined. In both of these cell 
lines, the cell number was reduced by day 4 to levels less than 
one-half of that present at time 0. In contrast MCF-7 cells 
continued to proliferate although at a slower rate than control 
cells (Fig. 3C). As a control for these experiments, we show that 
AdControl virus had very little effect on the growth of these 
cells (Fig. 3). 

These results suggested that infection by AdWTp53 had a 
more profound growth inhibitory effect on cells that were either 
deficient in pSJ or expressed a mutant pSJ than on cells that 
expressed wild-type pS3. To confirm these observations, we 
investigated the effects of AdWTp53 on cancer cells that lacked 
p53 expression (H-358 and MDA-MB-157; Refc. 2 and 32), 
cancer cells that expressed endogenous mutant pSJ (MPA-MB- 
231 and MDA-MB-453; Refs. 32 and 33), cancer cells that 


Clinical Cancer Research t93 



Days 


Days 


Days 


Fig. S Effect of AdWTp53 and AdContro) oo cell growth CelU (5 * !«*> were plated in triplicate on t^Mjkum. c*p«*d to AdWTp53 < 0 
pfu/celU) or AdConUol (10 phi/cell), and cell number counted on each day. Shown are cell number of -ja) H-3S8 e*lk. vnintected (O). «£*jL l « 
AdVTpSa (U) «d exposed to AdControl <□>;<*) MDA-MB-2M celU; uninfected <0>> expo**! to AdwTp53 <■). and exposed to AdComrol <□). 
(O MCF-7 cells: uninfected (O). «pu»ed to A*TwTp5? (■). and exposed to AdContro! O Value* shown are mean i SE 


Tcblt I Summary of the endogenous pS3 status of the various cell 
lines, 1C M values' of AdWTp53 in each cell line, p-gal activity in 
these cells after infecting with Ad.fcSV0£at vector, and relative 
induction of WAFl/Cipl protein eapresaion foDowing infection 
with AdWTp53 


Cell 

Endogenous 



Fold induction 

line 

pS3 status 

AdWTp53* Activity' 

WAFWCipl^_ 

H-358 

Null 

0.17 

0.75 

105 

MDA-MB-157 

Null 

0.30 

0.54 

R3 

MDA-MB231 

Mutant 

04 

0.66 

154 

MDA-MB-453 

Mutant 

0.70 

0.5K 

71 

MCF-7 

Wild type 

30 

0JO 

2.3 

184B5 

Wild type 

4.5 

ND 

2.4 

MCF-10 

Wild type 

5.5 

ND 

7.5 

NWECs 

Wild type 

too 

0.731 

1-2 


* The status of endogenous p53 in each cell line is from Reft. 2, 1 6, 
29. 32. and 33. and J. Gudas r/ e/. unpublished data as described in the 


* Values are estimated from the cell lolling experiment* described 

in the text. 

r p.gal*ctosidase activity tn each cell line was measured after 
infecting cells with 20 pfu/cell as described in "Materials and Meth- 
ods " 

'Fold increase in the WAFl/Cipl expression represent* the 
AdWTp53-mediaied (10 pfu/cell) increase in WAFl/Cipl protein ex- 
pression over the uninfected cells. 


expressed wild-type p53 (MCF-7) and immortalized, and nor- 
mal mammary epithelial cells that expressed wild-type pS3 
(MCF-10, 184B5, and NMECs)* (29). In these experiments each 
cell line was exposed to increasing concentrations of AdWTp53 
for 7 days. As shown in Table 1, cells that are null foi expres- 
sion of p53 were the most sensitive to the inhibitory effect of 
AdWTp53 (ICaoS for H-358 and MDA-MIV157 cells were 0.17 
and 0.3 pfu/cell, respectively). Cells thai express a mutant p53 


4 J. Gudas ei qL, unpublished data. 


protein were only slightly less sensitive to the growth inhibitory 
effects of AdWT p53 (IC** for MDA-MB-231 and MDA-MB- 
453 were 0.4 and 0.7 pfu/cell, respectively). In contrast, immor- 
talized or nonnaJ cells that expressed wilOtype p53 were the 
most resistant to the cytotoxic effects of AdWTp53, with 
NMECs being the most resistant (lC*^ Tor 1S4B5. MCF-10, 
MCF-7, and NMEC were 4.5. 5,5, 30. and 100 pfu/cell, respec- 
tively; Table I). Although some of the cytotoxic effects of 
AdUTp53, particularly at high multiplicity of infection (>100 
pfu/cell). could be due to the nonspecific effects of the recom- 
binant adenovirus, in general, it appears that cells that express 
wild-type p53 were 5-250 times more resistant to the ArfWTp53- 
medtated inhibitory effect on cell growth when compared with cells 
expressing no p5S or mutant p53. 

AdJOTp^-merfiated p^etatosidfctt Activity. Since 
differences in the sensitivity of various cell lines to AdWp53 
could result from either reduced uptake and/or decreased trans- 
gene expression, the expression of an adenovirus vector con- 
taining the marker gene p-galsctosidase was examined in these 
cells. Cells were exposed to different concentrations of 
Ad.RSVp-gaJ tor 24 h, and P-galactosidase activity was mea- 
sured as described in " Materials and Methods." In all cell lines, 
expression of p*galactosidasc was linear in the range of 1-100 
pfu/cell of Ad.RSVp-gal (data not shown). Following infection 
of each cell line at 20 pfu/ocl), the enzyme activity in each cell 
line was in the range of 0,3-0.75 units (Table 1 ). Moreover, as 
shown below (Fig. 4), each of the cell lines expressed high 
amounts of p53 when these cells were exposed to AdWTp53. 
Therefore, the differences in the sensitivity of killing effects of 
AdWTp53 cannot be explained by alteration in viral uptake 
and/or differential expression of the trattsgenc. 

Effect of AdWTpM on WAFl/Cipl and mdm2 Protein 
expression. To further investigate the molecular mechanisms 
underlying the cytotoxicity of AdWTp53, we examined the 
expression of two cellular proteins that could play a role in 
mediating the inhibitory effects of p53. Tfcese included WAF 1/ 
Cip). a gene which is induced in cells and inhibits cyclin kinase 
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Fig. 4 Waiter* blot analysis of p53. WAFI/Cipl, rndmi, and actin proteins in breast cancer cell lines (MDA-MB-I5? MDA-MB-23I, MDA- 
MB-453. and MCF.7), a lung cancer cell line (H-358), immortalized mammary ceils (MCFIQ and I8JB5), and NMECs. Calls (0,5 x Ut) were plated 
in o-cm dishes and infected with either 10 or 50 pfu/cell of AdWTpJ3 or SO pfu/cell of AdControi for 24 h. CelU were harveued and resuspended 
in 1 ml IX SDS-PAOE buffer, and 15 *ig protein were separated ia an 8ft SDS-polyncrylamide gel and cJecnubloticd onto nitrocellulose, and the 
membranes reacted with antibodies corresponding to p53, WAf l/Cipl, mdm2, and actin. Protein bands were detected by autoradiography of X-ray 
film. Top of the panel, type of each cell line used. Numbers JO or SO on top of the lotus, amount of AdControi or AdwTp33 (pru/cell). Ufi side of 
th* pwtW, intibodks used Cor detecting proteins. Might Ski* .>/U# pc**L protein molecular weight marten. 


(34-36K and mdm2. another ^-inducible gene that can bind 
p53 and modulate its function (37). 

As shown in Fig. 4, Western blot analyses demonstrated 
that low levels of endogenous p53 could be detected in all cell 
lines examined except MDA-MB-157 and H-358. H»w C ver. the 
level nf p53 increased substantially (at least 10- fold) in each cell 
line following AdWTp53 infection (10 or 50 pfu/ccll). In con- 
trast, the amount of p53 increased little, if at all, above the 
endogenous p53 protein level in cells exposed to 50 pfu/cell of 
AdControi. Because cells exposed to either AdControi or Ad* 
WTp53 expressed similar levels of actin protein (Fig. -Xl in- 
creased levels of p53 following AdWTp33 infection cannot be 
due to loading of different amounts of proteins or other non- 
specific mechanisms. 

We also examined the induction of WAFI/Cipl expression 
following AdWTp53 infection. As shown in Fig. 4 f there was 
little or no detectable basal level of WAFI/Cipl in cells that did 
not express endogenous wild-type p53 (MDA-MB-157 and 
H-35&), or in cells that expressed a mutant p53 (MDA-MB-231 
and MDA-MB-453), basal levels of WAFI/Cipl were readily 
detected in cells that expressed endogenous wild-type pS3 
(MCF-7. MCF-10, 184B5, and NMECs). Although exposure or 
cells to 50 pfu/ccll of AdControi did not affect the basal level of 
WAFl/Cipl in any of these ceils, exposure to 10 or 50 pfu/cell 


of AdWTp53 resulted in a marked increase in WAFI/Cipl 
expression in all of the cell line. Hon ever, cells expressing 
endogenous mutant p53 or null for p53 appeared to induce 
higher levels (fold- induction) of WAFI/Cipl protein as com- 
pared to cells expressing wtld-iypc p53 {Fig. 4 and Tabic i>. 

mdm2 protein levels were also determined before and after 
AdWTp53 infection in each cell line. Basal levels of mdm2 
protein were not detectable in cells that were null for p53 or 
contained mutant p53. Endogenous mdm2 protein bands of 
approximately HO kDa and 57 kDa 4 (37) were readily detected in 
all cells expressing wild-type p53. and no difference in the 
levels of cither mdm* proteins were observed following infec- 
tion of cells with ihe AdControi vector. In contrast, following 
exposure to AdWTp53 at 10 or 50 pfu/ccll, there was a marked 
increase in the levels of high and low molecular weight mdm2 
proteins in all cell lines examined except MCF*7 cells in which 
AdWTp53*medlated expression of the 57- KDa protein was 
minimal. 

Effect of AdWTp53 oo WAFI/Cipl mRNA Expression. 
Since p53 is a DNA-binding transcription factor (38), we deter- 
mined whether AdWTp53-mediated induction of WAFI/Cipl 
protein was regulated at the level of RNA. The expression of 
WAFI/Cipl mRNA was asscsed by Northern blot analysis 
following infection of colls with cither AdControi or AdWTp53. 
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Fig. 5 Northern bloi analysis of p53 mRNA in cells exposed to Ad< 
WTp.U Cells (2 x 10*) were pitted and 3d h later inferred with 
AdWTp53 or AdControl (10 pfu/ccll) for 24 b. and RNA was prepared 
and subjected to Northern btoi azuiytiU. After transferring RKA to 
Magna NT membranes, blots were cither probed with a p53 or 36&4 
cDNa probe. Results of auioradingrsms obtained frem different cells 
shown on top of the lanes, exposed to either AdControl or AdWTp53. 


As shown in Fig. 5, cells devoid of WTp53 (MDa-M£M57) and 
cells expressing mutant p5Jt (MDA-MB-453 and MDA-MB- 
231) had ver> low levels of WAFI'Cip) mRNA after infection 
with AdControl. NMECs, MCF-JO cells, and MCF-7 cells all 
contained endogenous wild-type pS3 and expressed varying 
levels of WAFi/Cipl mRNA expression following infection 
with AdControl Following infection of AdWTp53, the WAFI/ 
Cipl mRNA levels in ail cell lines increased. There was a 
7.4-fold increase in MDA-MB-453. a 21-fold increase in MDA- 
MB-231, an 8.2-fo)d increase in MDA-MB-157 cells, a 6-fold 
increase in MCF-7 cells, a 2-fold increase in MCF-10 cells, and 
a 1.2-fold increase in NMECs, As a control for these experi- 
ments, we show that the level of a control mRNA (36B4) was 
similar in cells infected with cither AdControl or AdWTp53. 
Thus, the induction of WAFl/Cipl proteins in cells after infec- 
tion with AdWTp53 appears to be mediated by an increase in 
WAFl/Cipl mRNA, although the possibility of a posUranscrip- 
tional regulation of p53 expression cannot be ruled out. 

AdWTp53-medl*ted Apoptosis. To investigate whether 
the mechanisms of AdWTp53-mediated inhibition of cell 
growth involved programmed cell death (apoptosis), the effect 
of AdWTp53 on nucleusomal DNA fragmentation was exam- 
ined after infection of MDA-MB-23I cells (which express en- 
dogenous mutant p53), H-358 cells (which are null for p53), and 
in MCF-7 and NMECs (both of which express oncogenous 
wild-type p53). As shown in Fig. 6, 24 h after exposure of 
MDA-MB-231 cells to 50 pfu/Ccll of AdWTp53, several lower 
molecular weight DNA bands (DNA laddering of approximately 
145 bp) in the range of 145*1050 bp were observed, which are 
characteristic of cells undergoing apoptosis. Similar results were 
observed following Ad WTp53 infection of H-358 cells (data not 
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Fif>. 6 Nuelebsomal DNA fragmentation in AdWTp53-infccted MDA- 
MB-31. MCF-7, and NMECs. Cells (2 * 10 6 ) wen plated in 1(Kcm 
dishes and exposed to either AdControl or AdwTp53. One day after 
infection, cells were collected and incubated with a lysis buffer, and low 
molecular weight DNA was prepared and subjected to an agarose gel 
electrophoresis. Results «h«wt) are the DNA pattern observed is venous 
cell lines Hop uf the lane) infected with 50 pfu/cell of either AdControl 
or AdV»Tp53. Numben ot\ the left, position of molecular weight mark- 
ers (bp). 


shown). In contrast, exposure of MDA-MB-231 cells to AdCon* 
trol or mock infection of these cells produced no detectable 
DNA laddering (Fig. 6). Exposure of MCF-7 cells or NMBCs to 
AdWTp53 at 50 pfu/cell or MCF-7 cells to 1000 pfu/cell also 
did not show any DNA laddering (data not shown). Similarly, 
when MDA-MB-23J. H-358, and MCF-7 cells were infected 
with AdWTp53 for 24 h, followed by the detection of apoptotic 
cells by an in shy apoptosis detection deoxynucleotidyl trans- 
ferase end labeling, while MDA-MB-231 and H-358 cells ap- 
peared ic show a significant number of fluorescent apoptotic 
cells no apoptotic cells were present in MCF-7 cell population 
(data not shown). These results indicate that tumo r cells null /or 
p53 or expressing an endogenous mutant p\i tihdergo apoptosis 
following exposure to /\d Wlpxy wnereas tumor cells or nor- 
mal cells Txpressing wild-type p53 are resistant to apoptosis. 


enters of A<knovintt KaprcH,iing Wjtd-lSrpe p53 in Cclto 


DISCUSSION 

We have constructed an adenovirus vector expressing a 
human wild-type p*3 protein <Ad*TpS3) that produces high 
levels of p53 proiein when introduced into normal and ma- 
lignant human mammary epithelial cell* The rapid induction 
of wild-type p53 protein following infection of celln with 
AdWTp53 provided an opportunity to study the biological 
effects of p53 in cells which differ in their expression of the 
endogenous pSJ gene. 

Tumor cells expressing endogenous mutant pSJ at devoid 
of pSJ expression were more sensitive to AdWTp33*mediated 
cytotoxicity when compared with tumor or normal cells express- 
ing endogenous wild-type p53. Moreover, overexpression of 
wild-type p53 induced programmed cell death (apoptosis) of 
tumor ceils devoid of wild-type p53 or expressing endogenous 
mutant p5J % but not in tumor or normal cells expressing wild- 
type p53. There are severaJ possible mechanisms by which high 
expression of wild-type p53 results in apoptosis in tumor cells 
devoid of pSJ or expressing mutant pSJ, but not in tumor or 
normal cells expressing wild-type p53. For example, cell killing 
could be dependent on the amount of p53 produced in different 
cells, stability of p53 protein in different cells, localization of 
p53 within the cell and the sbiJiry (inability) of p53 protein to 
interact with other cellular factor*, and downstream signal trans- 
duction pathway. Moreover, as previously suggested (3<>) a 
tranxlational modificaton of p53 may piay » role in p53-induced 
apoptosis. 

To understand the differential effects of wild-type p53 
overexpression in ceils with a different intrinsic p53 status, 
we investigated the expression of two proteins thai arc known 
to be regulated by wild-type p53. VVAFl/Cipl and mdm2, 
AdWTp53-media|ed cytotoxic effects appeared to be associ- 
ated with the high induction of WAFl/Cipl. The WAFl/Cipl 
gene has been shown to bind to cellular cydin-dependent ki- 
nases and thereby inhibit their function (34-36). Hits inhibition 
is manifested in turn by a decrease in the level of phosphory- 
lation of the Rb protein (40). Preliminary work in our laboratory 
has suggested that AdWTpS3-medi«ted p53 protein induction in 
cells devoid of pSJ or expressing mutant p5J is associated with 
dephosphorylaiion of the Rb protein. On the other hand, in cells 
expressing wild-type p 53. the phosphorated form of the Rb 
protein w as still present after infection with AdWTp53 (data nm 
shown). Thus, marked induction of WAFl/Cipl expression after 
infection with Ad>*Tp53 in turn is associated with an inhibition 
of the phosphorylation of the Rb protein. 

Exposure of cells to DNA-damaging agents such as radi- 
ation resulted in apoptosis in normal thymocytes or other ceils 
expressing wild-type p53 (6. 7. 41 |, while thymocytes and other 
cancer cells null for pSS or containing endogenous mutant pSJ 
were resistant to radiation-mediated cell death (41, 42). The 
effects of radiation-induced p53 were suggested to be mediated 
by WAFl/Cipl induction (4| ). In the current study we observed 
that high expression of p53 protein by Ad WTp53 was associated 
wich a marked induction of WAFl/Cipl RNA and protein. 
Although both radiation and AdWTp53 can induce WAFl/Cipl 
protein, whether WAFl/Cipl is directly responsible for apop- 
tosis is not known. The possibility of a signal transduction agent 
other than WAFl/Cipl that mediates the induction of apoptosis 


in cells by p53 is alio possible. Our future experiments will be 
directed toward understanding the role of WAFl/Cipl and other 
signal transduction agentt in AdWTp53-mcdiated apoptosis. 

The presence of mutated pSJ is widespread in different 
human cancer*. Thus, reconstituting rumor suppressor pSJ gene 
expression by adenovirus vectors is an attractive strategy for 
cancer gene therapy. Since adenovirus enters human epithelial 
cells with an efficient low p H endosome mediated endocytosis 
(19, 20), tumors of mammary epithelial origin will be especially 
amenable to treatment by AdWTp33. Previous studies by Liu er 
aL (43) have shown that adenovirus-mediated expression of pSJ 
could cause killing of cells derived from head and neck tumors 
and of lung cancer cells in the presence of eft-platinum (44), As 
shown here, normal mammary epithelial cells are resistant to 
apoptosis by AdWTp53. while the tumor cells null fur pSJ or 
expressing mutant pM readily undergo apoptosis. Thus, there k 
a specificity to AdWTp53-mediated killing of tumor cells, lend- 
ing further support to these vectors for gene therapy of cancer. 
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ABSTRAa-Objectives. A recombinant adenovirus vector (AdWTp53) expressing wild-type p53 was evalu- 
ated for its cel. growth ^^™^X!£ S^LFSSfpnH were infected with 

AdV^p53 vector and expression e v of AdWTp53 were determined by counting cell number 
western blotassa^ The cell grew* Qf ce||s afte r infection with AdWTp53. The p53-regulated 

TJe STSd^ in P r0State ™~ C€,IS lnfeCted withAdWrp5 , 3 - 

gene WAF1 and vec tor-derived p53 protein were present in metastatic prostate can- 

ReS S a „H IhJ o53 re^ * cells - lnfection of these tUm0r C6 " lineS With 

AdVvTo53 vector £^££££o«h inhibition and ce.l death in comparison to untreated or control ad- 
e^lec^c^ Furthermore, fragmentation of genomic DNA. a property assoaated w,th apop- 

. , «nrp*r «T and botn cytostatic and cytotoxic effects of AdWTp53 were observed. The .nductoon of 
P ^ ISr^eWAn to^T^™e?pro*ate cancer cells suggests the involvement of cellular p53 
SSTfSLSjSS, inh1S 5 These resufc provide a molecular basisfor^er evaluation o anttu- 
moSgenic effects of AdWTp53 vector in animal models of prostate cancer. UROLOGY- 46: 843-848, 1995. 


The tumor suppressor gene p53 is one of the 
most frequently altered genes detected m hu- 
man tumors. Both somatic and germline muta- 
tions of p53 have been reported. 1 - 2 Numerous early 
studies of p53 alterations in prostate cancers have 
revealed a low incidence (10% to 20% of speci- 
mens analyzed) of p53 mutations in prostate can- 
cers. 34 However, more recent studies suggest that 
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p53 alterations may be frequent in a subset of 
prostate cancers, especially in hormone refractory 
disease. 5-9 The tumor suppressor activity of the 
p53 gene has been demonstrated for diverse tumor 
cell types, 1 including prostate tumor cells. 10 The 
biochemical/biologic functions of the native p53 
protein include target gene transactivation, cell cy- 
cle checkpoint control, and programmed cell 
death. 1 - 11 11 One or more of these functions are 
known to be deregulated in tumor cells. 12 Thus, 
correction of p53 dysfunctions in human cancers 
may have widespread application in anticancer 
therapy. Adenovirus vectors containing potential 
therapeutic genes are currently being evaluated for 
their utilitv in gene therapy of cancer and other 
human diseases. 13 Adenovirus-based vectors are 
internalized into epithelial cells with an efficient 
receptor-mediated endocytosis, can be grown to 
high titers, and express a transgene to high levels 
without integrating into the cellular genome. 
Recent reports of antiproliferative and antitumori- 
genic effects of a recombinant adenovirus vector 
expressinc wild-tvpe (wt) p53 in nonsmall cell 
lung cancer cells 16 and head and neck cancer cells 17 
in vitro and in nude mice provide early insights 
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regarding the potential of adenovirus-based vec- 
tors in cancer gene therapy. We have also recently 
described the construction of the AdWTp53 and 
its antiproliferative effects on breast cancer cells. 18 
In this report, we have evaluated the biologic ef- 
fects of the AdWTp53 vector on human metastatic 
prostate cancer cells and describe a potent cell 
growth inhibitory effect of this vector for several 
metastatic prostate cancer cell lines. Induction of 
the p53-regulated gene WAF1 and DNA fragmen- 
tation in prostate cancer cells infected with 
AdWTp53 suggested the activation of cellular p53 
pathway in those cells. 

MATERIAL AND METHODS 
Ceil culture 

LNCaP, DU145, and PC3 cells, derived from metastatic le- 
sions of human prostate cancer, and MCF7 derived from a 
human breast adenocarcinoma were obtained from American 
Type Culture Collection (Rockville, Md). 1LN PC3-1A (1LN) 
cells, nude mouse metastatic variant of PC3 cells, 19 and 
DuPro-1 cells, derived from the athymic nude mice xenograft 
of a lymph node metastasis of the prostate adenocarcinoma, 20 
were kindly provided by Dr. David Paulson (Duke Univer- 
sity Medical Center, Durham, NC). Normal human foreskin 
fibroblast cells, H500, have been described elsewhere. 21 

AdWTp53 Expression Vector 

The construction of the AdWTp53 recombinant adenovi- 
rus expressing human wt p53 has been described elsewhere. 18 
In brief, homologous recombination between a shuttle vec- 
tor containing human wt p53 cDNA downstream of a cy- 
tomegalovirus promoter and the adenovirus genome cloned 
in a plasmid pJM17 resulted in a recombinant adenovirus in 
which El region was replaced by wt p53 expression cassette. 
The control adenovirus dl 312 (C-Ad) lacked the El region 
and wt p53 expression cassette. 

Metabolic Labeling, Immunoprecipitation, 
and Western Blotting 

Cells were labeled with Trans[ 35 S!-labeL" lysed in lysis 
buffer, 21 and processed for immunoprecipitation with anti- 
p53 antibody, PAbl801 f or anti p21/WAFl, Ab-1 antibody 
(Oncogene Science, Uniondale, NY). Immunoprecipitates 
were analyzed for p53 protein on sodium dodecyl sulfate 
(SDS)-8% polyacrylamide gels 22 and for WAF1/C1P1 p21 
protein on SDS-14% polyacrylamide gels. 

For the immunoblotting procedure, cell lysates equivalent 
to 100 u,g total protein were electrophoresed on SDS-14% 
polyacrylamide gel followed by electroblotting 23 onto nitro- 
cellulose membranes. p53 and WAF1 proteins on the blot 
were detected with anti-p53 and anu-WAFl monoclonal an- 
tibodies, respectively, and utilizing ( 123 Il-protein A or alka- 
line phosphatase-based detection system. 

Cell Growth Inhibition Assay 

Exponentially growing cells were seeded at 0.5 to 1 X 10 3 
cells/well in six-well dishes. Twenty-four hours later growth 
medium was replaced with 2 mL of growth medium contain- 
ing 2% fetal bovine serum and desired dosages (plaque- 
forming unit (pful/cell) of AdWTp53 or C-Ad. After 2 hours 
of incubation at 37°C in a carbon dioxide incubator, 3 mL of 
growth media with 10% fetal bovine serum was added and 
growth of cells was monitored every other day. Five days 
postinfection or as indicated, cells attached to the culture dish 

844 


1 1 % 4 $ I 


FIGURE l. Detection of p53 protein in AdWTp53- 
infected prostate cancer cells. LNCaP (lanes 1 and 21 
DU145 (lanes 3 and 4), and PC3 (lanes 5 and 6) 
prostate cancer cells (2 x l(fi cells) were infected with 
20 pfu/cell of control adenovirus (lanes /. 3. and 5) or 
AdWTp53 (lanes 2, 4, and 6) for 20 hours. Cells were 
labeled with TransP 5 S]-label and cell lysates equivalent 
to 4 x I0 6 counts per minute of trichloroacetic acid 
precipitable protein were immunoprecipitated with anth 
p53 antibody and analyzed by sodium dodecyl sulfate- 
8% polyacrylamide gel electrophoresis as described 
under 'Material and Methods. 'Arrow with p53 indicates 
AdWTp53-derived wt p53 in LNCaP (lane 2). DU145 
(lane 4), and PC3 (lane 6) cells. 

were fixed and stained with crystal violet. Cell growth inhibi- 
tion was also monitored by counting cells on the hemocy- 
tometer. To determine number of live and dead cells, cells 
were treated with trypan blue and celb showing the uptake of 
the dye were interpreted as nonviable. 

Doxorubicin-Mediated Induction of 
WAF1/CIP1 Protein 

Cells, 2 X 10 6 cells (LNCaP, DU145, PC3, or H500) were 
plated in 100-mm dishes and were treated with 0.2 u,gftnL of 
doxorubicin (Adriamycin) or same volume of phosphate- 
buffered saline for 21 hours followed by preparation of cell 
lysates and immunoblotung to detect WAF1/C1P1 protein. 

DNA FRAGMENTATION ANALYSIS 

Total genomic DNA was extracted from untreated or 
AdWTp53 infected DU145 and LNCaP cells and analyzed by 
agarose gel electrophoresis on 2.5% (w/v) agarose gels and 
ethidium bromide staining. 

RESULTS 

AdWTp53-Mediated Expression of p53 rN 
Prostate Cancer Cells 

We first determined if AdWTp53 vector-derived 
wt p53 protein was expressed in prostate cancer 
cells. Prostate cancer cell lines DU145, PC3, and 
LNCaP were infected with 20 pfu/cell of AdWTp53 
vector or C-Ad for 20 to 24 hours followed by 
metabolic labeling of cells with Trans [ 35 S) -label 
and immunoprecipitation by anti-p53 monoclonal 
antibody PAM801. As shown in Figure 1, high lev- 
els of p53 protein were detected in DU145, PC3, 
and LNCaP cells infected with AdWTp53. No p53 
was detectable in C-Ad-infected cells under simi- 
lar conditions. However, longer, exposure of the 
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FIGURE 2. AdWTp53-mediated inhibition of prostate cancer ceil proliferation. LNCaP (A) and DUI45 (B) cells 
were treated with different dosages (plaque-forming unit/cell) of control adenovirus or AdWTp53 shown here as 
C-Ad or pSl-Ad, respectively. The cells were fixed and stained with crystal violet after 96 hours of the infection. 
Violet stain shown in black here represents the presence of cells attached to tissue culture dish. 
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FIGURE 3. Time course of AdWTp53-mediated inhibition of prostate cancer cell growth. Dill 45 (A) and LNCaP 
(B) celis infected with control adenovirus: dl 312 or AdWTp53 vector were analyzed for their growth at different 
times after infection. Uninfected cells were also analyzed in parallel. The cell growth was monitored by counting 
cells on the hemacytometer at time 0 and at indicated times postinfection. 


gels to x-ray film revealed faint endogenous p53 
bands in C-Ad-infected DU145 and LNCaP cells 
(data not shown). 

Growth Inhibitory Effects of AdWTp53 os 
Prostate Cascer Cells 

To analyze for effects of Ad\VTp53 on growth of 
prostate cancer cells, we infected DU145 and 
LNCaP cells with varying dosage of AdWTp53 or 
a control adenovirus vector. AdWTp53-infected 
cells began to exhibit growth inhibition at 2.5 
plaque forming unit (pfu)/cell with a marked 
growth inhibition (more than 90%) between 10 to 
20 pfu/cell (Fig. 2A. B). Similar results were also 
obtained from two other metastatic prostate cancer 
cells: 1LN and DUPro-1 (data not shown). Al- 
though there was some inhibitory effect (10% to 
15%) on cell growth at or above 20 pfu/cell of 
C-Ad, several independent experiments showed a 


dramatic growth inhibition (95% to 99%) of prostate 
cancer cells after 5 to 6 days in the presence of 10 
to 20 pfu/cell of AdWTp53. We also did not observe 
any cytotoxic or growth inhibitory effects of 
AdWTp53 on human fibroblast cells. Although level 
of p53 in AdWTp53-infected H500 was not as high 
as in prostate cancer cells, it was at least fivefold 
over endogenous levels (data not shown). Since 
several previous studies did not observe cell growth 
inhibitory effects of exogenous p53 in tumor cells 
that already contained endogenous wt p53, 24,25 the 
inhibitory effects of AdWTp53 on LNCaP cells con- 
taining endogenous wt p53 was unexpected. How- 
ever, in agreement with the previous observations, 18 
wc also did not detect a growth inhibitor)' effect of 
Ad\\Tp53 on breast cancer cells, MCF7 containing 
endogenous wt p53 (data not shown). The kinetics 
of cell growth inhibition in response to AdWTp53 
were further evaluated for two representative cell 


845 



FIGU RE 4. Analysis of genomic DNA from LNCaP 
cells infected with AdWTp53. Total genomic DNA was 
isolated from untreated LNCaP cells (lane 1), cells 
infected with 20 plaque-forming unit/cell of control 
adenovirus (lane 2), or AdWTp53 (lane 3) and 
analyzed on 2.5% agarose gel followed by ethidium 
bromide staining. m:\ Hind/// + / x Hae/// DNA 
molecular weight marker. 

lines: DU145 and LNCaP As shown in Figure 3, 
DU145 cells exhibited almost complete inhibition 
by day 3, whereas LNCaP (data not shown) cells 
exhibited 95% inhibition by day 5. Furthermore, in- 
fection of 1 x 10 6 cells of DU145 or LNCaP with 


20 pfu/cell of AdWTp53 resulted in a large number 
of floating cells (representing 50% to 60% of total 
cells) within 48 to 50 hours, and more than 95% of 
these floating cells were nonviable as determined by 
trypan blue exclusion assay (data not shown). Ad- 
ditionally; we analyzed the genomic DNA from 
AdWTp53-infected LNCaP or DU145 cells for DNA 
fragmentation, a property known to be associated 
with programmed cell death. The analysis of ge- 
nomic DNA from LNCaP (Fig. 4) and DU145 (data 
not shown) cells revealed DNA fragmentation in 
the AdWTp53-treated cells, whereas untreated or 
control adenovirus injected cells did not show any 
evidence of detectable DNA fragmentation. 

Induction of WAF-1/C1P-1 byAdWTp53 or 
Doxorubicin in Prostate Cancer Cells 

The expression of WAF1/C1P1 encoded p21 pro- 
tein, an inhibitor of the cyclin-dependent kinases, 
has been shown to be directly up regulated by the 
wt p53. 26 Although WAF1 p21 protein was not 
readily detectable in PC3, LNCaP and DU145 cells 
(Fig. 5A) similar steady-state level of WAF1 RNA 
was detected in these cells (data not shown). All 
three prostate cancer cell lines, PC3, DU145, and 
LNCaP infected with AdWTp53, exhibited in- 
creased levels of WAF1/CIP1 p21 protein in com- 
parison to the respective cell lines infected with 
C-Ad (Fig. 5A). To ascertain that LNCaP cells 
used in this study were not variant and did con- 
tain endogenous wt p53 function, we assayed the 
induction of WAF1 protein in LNCaP cells in re- 
sponse to doxorubicin, a chemotherapeutic agent 
reported to induce WAF1 only in those cells that 
contain wt p53. 27 As shown in Figure 5B, dox- 
orubicin resulted in the induction of WAF1 p21 
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FIGURE 5. Analysis of WAFI in prostate cancer cells, (A) WAFI/CiPi induction in AdWTp53 infected cells: 
LNCaP (lanes I and 2), DUI45 (lanes 3 and 4), and PC3 (lanes 5 and 6). Lanes L 3, and 5: cells infected with 
control adenovirus vector; lanes 2. 4, and 6: ceils infected with AdWTp53 vector. Immunoprecipitation of WAFI 
protein was performed as described under "Material and Methods. " (B) Effect of doxorubicin treatment on the 
induction of WAFI/CIPl: prostate cancer cells (2 x I0 6 ); LNCaP (lanes 1, 2), PC3 (lanes 3, 4). DU14S (lanes 5, 
6) f and human fibroblast cells (2 x 10 6 }; H50O (lanes 7, 8) were treated with doxorubicin (lanes 2, 4, 6, and 8) or 
phosphate-buffered saline (lanes 1, 3, 5. and 7). Immunoblotting of WAFI protein was performed on cell ly sates 
and described under "Material and Methods. m 
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protein in LNCaP cells (lane 2) and in normal 
human fibroblasts, H500 (lane 8). However, WAF1 
p21 protein induction was not seen in PC3 (lane 
4) or DU145 (lane 6) cells. 

COMMENT 

Gene therapeutic strategies for human prostate 
cancer encompass different approaches and repre- 
sent an early phase of research in this direction. 
There are few reports that have described promis- 
ing results with gene/immunotherapy of metastatic 
prostate cancer in an animal model system. 28,29 In 
these studies, genetically engineered prostate can- 
cer cells producing recombinant cytokines pro- 
vided effective therapy for prostate cancer in the 
Dunning rat prostate carcinoma model. The tumor 
vaccine approach described before is promising; 
however, the technology involved is very compli- 
cated and the major limitations precluding its 
wider application could be the availability and en- 
gineering of prostate cancer cells from the same 
patient in which it is to be utilized as vaccine. 
Other emerging molecular approaches for anti- 
cancer therapy include corrective gene therapy to 
correct a known molecular defect in cancer cells, 
for example, inhibition of an activated oncogene 
by antisense RNA/oligonucleotide or reconstitu- 
tion of a defective or absent tumor suppressor gene 
(TSG) function by reintroduction of the normal 
copy of that TSG. The antiproliferative or antitu- 
morigenic properties of the TSGs strongly suggest 
their therapeutic potential. However, the current 
challenges include the generation of efficient vec- 
tors for these potentially therapeutic genes and 
their delivery to cancer cells. Antiproliferative or 
antitumorigenic effects of the TSG p53 have been 
described for diverse types of tumor cells. 1 In this 
report, we have characterized the cell growth in- 
hibitory effects of a recombinant adenovirus vec- 
tor expressing high levels of wt p53 in human 
metastatic prostate cancer cells. 

The expression of wt p53 is achieved at a very 
high level (at least 100- fold in comparison to the 
endogenous p53 bands seen in LNCaP or DU145 
cells) in AdWTp53-infected prostate cancer cells. 
In our experiments, all three established prostate 
"cancer cell lines, DU145, LNCaP, and PC3, as well 
as two other metastatic prostate cancer cells, 1LN 
and DUPro-1, were similarly growth inhibited by 
AdVVTp53 vector. Time course study of the infec- 
tion of prostate cancer cells, presence of nonvi- 
able floating cells, and DNA fragmentation in 
AdWTp53-infected LNCaP and DU145 cells sug- 
gested a combination of cell growth arrest and 
cell death effects, both of which are known to be 
associated with wt p53 cellular function. 1 

The inhibitor}* effects of AdWTp53 on LNCaP 
cells containing wt p53 were unexpected. We, 


therefore, have further assessed the status of p53 
in LNCaP cells by utilizing an assay in which in- 
duction of the WAF1/CIP1 gene in response to 
DNA damaging agents is tightly correlated with 
the presence of functional wt p53 in cells. 27 The 
induction of WAF1 in response to doxorubicin in 
LNCaP cells but not in PC3 or DU145 strongly 
suggests the presence of wt p53 in LNCaP cells 
used in this study. Although a majority of reports 
have noticed growth inhibitory effects of wt p53 
on tumor cells with mutant or no p53, 1 * 24,25 there 
are some studies that have also described growth 
inhibitory effects of wt p53 on tumor cells with 
endogenous wt p53. lu8 ^° However, it is possible 
that some as yet unknown function of p53 is de- 
fective in LNCaP cells studied here and further 
study is warranted to understand the mechanisms 
of inhibitory effects of AdWTp53 on LNCaP cells. 

Our studies along with the earlier report de- 
scribing p53 tumor suppressor effects on two 
prostate cancer cell lines, PC3 and TSU-PR1, 10 
demonstrate that all six metastatic prostate cancer 
cell lines tested so far are growth inhibited in re- 
sponse to the overexpression of exogenous wt p53. 
Our studies with AdWTp53 vector provide support 
for earlier observations 10 and, more importandy, 
provide a wt p53 expression vector with a potential 
for future applications in gene therapy-related ex- 
periments. Recent reports have also described the 
gene therapy potential of recombinant adenovirus 
vectors expressing wt p53 in animal models of 
lung 16 and head and neck 17 cancers. A recent 
study has described an intriguing result in which 
an adenovirus-p53 expression vector did not in- 
hibit the in vitro growth of a metastatic variant of 
LNCaP cells; however, the growth of these cells 
was inhibited in vivo. 31 In contrast, adenovirus-p53 
expression vector utilized in our study exhibited 
a potent inhibitory effect on all the metastatic 
human prostate cancer cell lines tested. Another 
report has recently evaluated the therapeutic ef- 
ficacy of a recombinant adenovirus vector ex- 
pressing wt p53 in a mouse prostate reconstitu- 
tion model." Although the primary tumors 
derived from mouse prostate cancer cells harbor- 
ing homozygous p53 mutation and exogenous 
ras and myc oncogenes did not show reduction in 
size following the injection of adenovirus vector 
expressing wt p53, there was a marked suppres- 
sion of metastatic lesions. 32 The mechanism of 
inhibition of prostate cancer cell growth in re- 
sponse to AdWTp53 vector appears to involve 
cellular p53 pathway as evident from the up reg- 
ulation of WAF1/CIP1 protein and DNA frag- 
mentation in AdWTp53-infected prostate cancer 
cells noted in our study. Our preliminary results 
from intratumoral injections of the AdWTp53 
have also shown inhibition of tumor progression 
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of DU145- and PC3-derived tumors in nude mice 
(data not shown). Additional studies utilizing an- 
imal models of prostate cancer will further char- 
acterize the in vivo antitumorigenic effects of the 
AdWTp53 vector. 

Acknowledgment. To Shirley Craig for the preparation of 
the manuscript. 
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gene occur commonly in colorectal carcinomas and the wild-type 
concomitantly deleted. These fi*iHii«g« suggest that the wild-type 
suppressor of colorectal carcinoma cell growth. To cost this 
or mutant human p53 genes were rxansrectcd into human 
cell lines. Cells traiiarected with die wild- type gtase formed 

less efficiently than those ennsfected with a mutant pS3 
did form after wild-type gene tramfceeion, the p53 
or rearranged, or both* and no exogenous p53 
seaervecL In contrast, oaaufectioo with the wild-type gene had 
the growth of epithelial cells derived from a benign colorectal 
wild»rype p53 alleles. ^1*0^ ttcJuuenie* 
cells expressing the wiid-rype gene did not progress through 
' by their failure to incorporate mymidinc into DNA. 
wild-type gene can specifically suppress the giu wth of human 
( sells in vitro and that an in vivo^derived mucsooo t unitin g m a 
add subratutioa in the p53 gene product abrogates this 
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suppressor of neoplastic growth, and that 
mutation or deletion* or both, of die wild- 
type gene inactivates this suppression. This 
hypothesis has been supported by srudses in 
rodent cells. For example. p53 alleles arc 
often rearranged or mutated as a result of 
viral irttcgrsQon even a. in Friend virus- 
induced mouse eryrhrokukemisj (7), Addi- 
tionally, in rransfection studies, the wild- 
type murine p53 gene has been shown to 
inhibit the vansrbrmirtg ability of mutant 
p53 genes in rat embryo fibroblasts (B). 
Other studies, however, have suggested that 
expression of the wild-type p53 gene prod- 
uct is necessary (not inhibitory) for eel) 
growth (9. 10). Thus* chc effect of wild-type 
and mutant p53 genes on cell growth may 
depend on the cell type examined. We now 
show that expression of the wild-type p53 
gene in human colorectal carcinoma cells 
dramatically inhibits their growth. More- 
over, a p53 gene mutant cloned from a 
human colorectal carcinoma wss biological- 
ly inactive in this respect, as it w*s incapable 
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of inhibiting such growth. 

The colorectal carcinoma lines SW480 
and SW&37, which arc representative of 
75% of colon carcinomas, have each lost one 
copy of chrornosornc 17p (including the 
p53 gene), and the remaining pS3 allele is 
mutated (J. 4). The 5WS37 line connurs an 
arginine to tryptophan mutation at codon 
248 (4). The 5TVV480 line contains two point 
mutabons, arginine to hisodine at codon 
273 and proline to serine at codon 309 [4), 
The subsrirutions at codon 246 and 273 arc 
typical of those observed in human rumors, 
occurring within two of the four muooon 
"hot spots" (4). For the rrarofecrion studies, 
we constructed a vector, pCMV-Nco-Barn. 
engineered to contain two independent 
transcription unia ( !/). The first unit com- 
prised a cyroTTtcgaJovirus (CMV) promoter 
enhancer upstream of a site for inserdon of 
the cDNA sequences so be expressed, and 
splice and poJyadenylarion sites to ensure 
appropriate processing. The second tran- 
scripscn unit included & herpes simple? 
virus (HSV) myrnidine kinase promoter/en- 
hancer upstream of the neomycin resistance 
gene, allowing for selection of transferred 
cells in genedcin (11). A wild-type p53 
cDNA was inserted into pGMV-NeoBam 
to produce pC53-SN3. Snrularly, a vector. 
pCS3*SCX3, expressing a mutant cDNA 
from human colorectsJ tumor CX3, was also 
constructed. The only durerencc latmui 
pC53-SN3 and pC53-SCX3 was a singk 
nudcobde (C to T) rcsuhing in a substitu- 
tion of alanine for valine ai pS3 codon 143 
in pC53-SCX3 (12). 

The constructs were traosfected into 
5W637 and SVV43JO cells (U). and genco- 
cin-resistant colonies were oaaimed 3 weeks 
later. Cells transfected with pG53~SN3 
formed five* to tenfold firwer coioeuca than 
eransfeeted wvrh pC53»SCX3 in both 
cell types (Table 1), In 


9ix 


SCIENCE, vol. a#e 


SENT BY: 


; 8-31-99 i 14MB I 


5124747577- 


512 708 931i;# 2 


mVS37 and , clU, the number of 

.ninnies produced by (he expression \*eetor 
' pCMV-Neo-Bam (without a p53 cDNA 
insert) was similar to that induced by the 
rK'53-SCX3 construct. 

These results suggested that the wild- type 
• r <53 gene inhibited the clonal growth of 
both che SW837 and SW480 cell lines; 
however, a significant number or" colonics 
formed alter cramrccrtnn of the wiM-type 
instruct. If u'ild-rype |»53 expression were 
truly inhibitory to cell growth, one would 
expect that no colonies would form or that 
p53 expression in the colonies that did form 
*'ouU be reduced compared to that pro- 
dueed with che mutan: p53 cDNA con- 
struct. To evaluate this issue, we expanded 
independent 5W480 and SYV837 colonics 
into lines, and ribonucleic ( RNasei protec- 
tion analysis was perfoimed to determine 
the amount of p53 mRNA expressed from 
che exogcnously introduced sequences. 
Twelve of 31 lines (3W%) derived from 
transaction with the pC >3-SCX3 construct 
were found to express the exogenou* mutant 
p53 mRNA. This perccn age was consistent 
v-ith results expected in human cells crans- 
fectcd with a vector cor raining rwo inde- 
pendent transcription units iN). In con- 
trast, no expression of exogenous p53 wild- 
rype mRNA was seen in any of 2 1 clonal 
lines established from <ither SW480 or 
SW837 cells tranxfected with the pC53-SN3 
vector (Fig. 1A). These RNaac protection 
results were supported fcy analysis of the 
exogenous p53 DNA sequences within the 
clones. Ail of the p53-cxpressing clones de- 
rived from the pC53*SCX3 tranafection 
contained an intact copy of the exogenous 
p53 gene (Fig, IB). In' contrast, in all the 
clones derived from the pC53-SN3 rransfec- 
bon, the exogenous p53 sequences were 
deleted or rearranged (Fig. IB). 

The results from individual clones were 
further supported by the analysis of pooled 
clones^ in which numerous colonies could be 
simultaneously assessed. Forty or more 
clones from two to three iieparate rransfee* 
tion experiments were pocleid and analyzed 
Approximately 3 weeks ater transfection. 
RNasc protection studio ihowed subsxan- 
tial expreasion of exogenous mutant se- 
quences in the pooled clones, where** 
expression of wild-type sequences was not 
detectable (Fig. 2A)."Reaulx from Southern 
iDNA) blotting were consistent with die 
RNaac protection studies, in chat pooled 
colonies from che wild-type ennsfectants 
had no detectable unrearranged exogenous 
p53 sequences, in contrast io the inract p53 
sequences in colonies ckrivi d from the mu- 
tant p53 cDNA cxprasion sector (Fig. 2B). 

The conclusions made irom the above 
*xperimciiD arc dependent on the assump- 


tion chat pS3 protein was produced in the 
trans fret cd cell tines. Clones containing ex- 
ogenous mutant p53 sequences produced 
pS3 mRNA at a concentration 1.5 to 3.S 
times higher than that produced bv the 
endogenous p53 gene (Figs. 1A and 2 A). 
Immunohlot analysis showed (hat there was 
a concomitant small increase in p53 protein 
expression in che transfectant* 1 1.5- to 3- 
fold j compared to the untrarofecred cells 
US). However, this increase was difficult to 
measure quantitatively, since these cells pro- 
duced significant amounts of endogenous 
p53 protein char (unlike endogenous p53 
mRNA) could not be distinguished from 
that produced by the vectors. To confirm 
that cransfected human cells expressed p53 
protein from our constructs, we studied an 
additional colorectal carcinoma cell line 


(RKO), Although RKO cells did not con- 
tain a mutation within the susceptible p53 
coding sequences < /6). they expressed low 
concentrations of p53 mRNA compared to 
normal colorectal mucosa or the other lines 
studied and did not produce detectable 
amounts of protein ( / J). 

Results of colony formation assays in 
tranafected RKO ccLls were similar to chose 
in 5W4S0 and SWS37 cells. Colony forma- 
tion by wild-cype p53 gene iransrectants 
occurred with a tenfold decrease in efficiency 
compared to the mutant p53 construct (Ta- 
ble 1). ImmuncftcyTochcmJcaJ detection of 
p53 protein in tranafectcd RXO ecus ( ;7) 
revealed that approximately equal numbers 
of cells expressed wild -type and mutant pro- 
tein 6 hours after trarufection. A rwofold 
difference was found at 24 hounv, and this 
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:X3 or pC! 

**nr facd and stained *-ith a monoclonal antibody to p53 protein (17). At least 1500 cells werr 
counted for each detcmunauon. To determine [>H] thymidine ^corporation, wc split RKO ceil* tmo 
duplicate flasks and indinduabV transferred chem with either pC53*SCX3 or pC53-5N3 < MV Fortv-iix 
hours after rranifecrion, the cells were incubated with {'HJmvmidine for 2 hours, then filed and stained 
with i monoclonal anbbady to p63 protein (/7). Evaluation of mvmidine irteorporaoan in the 
rranstcctcd cells was performed as previously described f 19), At least SO pa 3-cxprouing cells and 400 
p53-nonexpreumg cells (determined iirrununocytodicrrucaiJv with anobodv to p53) wenr immh for 
each determinaoon of f J H) thvmidine uptake. ' 
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Rej. 1. (A) RNasc protection anarvsi* of transferr- 
ed clonal Una. A labeled airaaensr pS3 probe, 
which aUstinguithO) berween endo g enous p53 
mRNA and exogenous p53 mRNA, *as hvbrid- 
ized with rotaJ cellular RNA from representative 
lines established from indspsmtsxi 
resistant clones <2J). After digestion with RNaac 
A, the resulting hybridisation products were sepa- 
rated by electrophoresis on denaturing poivacrvU 
amide geb and autoradiographed (24). the la- 
beled probe comprised nucleobdes 1450 re 17BS 
relative to the pS3 ovulabori injaatsort site. *9 
Endogenous p53 mRNA included all of rhc p53 
aeouence* represented in rhc labeled probe, so a 
38ft-bp hybridisation product (Endo.) was pro> B 
reeled from RNase digeaoon. The exoacrna pS3 
mRNA produced from the expression vector, 
ho*Trer» onK extended to nuclewjdr 1671: hv- 
bridiaation to exogenous p53 nvl^IA foifcowed bv 
RNasc digestion ds tirfun, gave rise to a 221 -bp 
francm (Eao.). Clonal lines dcSipwtrd CMV. 
CX3, and SN3 were transferred with pCMV- 
Nex>Bam, pC53 SCX3, and pC53*5NX nsper- 
ovehr. IB) Southern blot analysis of tftjtfJrctcd « 
clonal linoj. DNA from n^reacncao«c clonal lines 
(Fig. 1A) was digested wn* Bam HI, separated 
by deetroprsoroi* on an agarose gel eratutferred 

to nylon, and hybridixed to a labeled p53 acne probe (2 J). The aogessom p53 
vector was praenr in a l.S-kb Bam HI frasfrncni (Exo.; if it had not been 
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endogenous p53 gene (Endo.; gave nsc to a 7.6-kb Bam HI frapncxit. 
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difference increased with rune (Table 2). 
These observation* arc consistent with the 
greater stability of mutant compared m 
wild-type p53 procein noted previously 
( tS). However, transient m&NA expression 
was also significantly lower in the SN3 
rransfectanu compare) to the 5CX3 rxans- 
fecrants at 48 and 96 tours ( IS), supporting 
the idea that KKO celli expressing wild- type 
p53 were at a selective disadvantage com- 
pared to those product ng mutant p53 prod- 
ucts. 

To obtain addition J evidence that celli 
expressing p53 were inhibited in chcir 
growth potential, we e camined the effect of 
p53 gene expression en DNA synthesis in 
transnxtcd RKO cetfa. Forty-eight hours 
after transection. KKO cells were labeled 
with ^HJmymidinc for 2 hours. The cells 
were subsequently twee „ immunocytochem- 
ically stained for the presence of p53 pro- 
tein, and autoradiograr. hed (19). The num- 
ber of cells undergoing DNA replication 
was only slightly [owe- in cells producing 
exogenous mutant pS3 protein than in cells 
that did nor express my detectable pS3 
protein. Expression of the wild- type pro- 
tein, however, dramatcally inhibited the 
incorporation of thymic Line (Table 2). 

These results all suggested that wild-type 
p53 exerted an inhibitory effect on the- 
growth of carcinoma eel is in vitro. To evalu- 
ate whether this inhibitory effect was cell 
rypo-apeciiic, we trans ft treed colorectal epi- 
thelial cells derived frorr i a benign tumor of 
the colon (the VACO 235 adenoma cell 
line). Previous studies h; ve shown that most 
adenomas contain two copies of chromo- 
some 1 7p and express wild-type p53 mRNA 
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at concentrations similar co that of normal 
colonic mucosa (/, IS). Analogously, the 
p53 alleles of the VACO 235 cell line were 
sequenced and found to be wild type ( 
and the expression of p53 mRNA was found 
to be similar to that of normal colorectal 
mucosa ( IS). In contrast to the results teen 
with 5W480. SVV837, and RKO cells, the 
pC53-SN3 and pC53-5CX3 constructs pro- 
duced similar numbers of genebcin-rcsisrant 
colonies after transaction of the VACO 235 
line (Table 1). We considered, however, 
that the most definitive test for differentia] 
growth inhibition by wild-type versus mu- 
tant p53 genes involved analysis of exoge- 
nous p53 expression in pooled cransfcetants. 
Through such analysis, a large number of 
colonies could be examined simultaneously 
and the expression of exogenous mutant 
and wild-type p53 genes directly com- 
pared. Striking differences in the relative 
expression from the trarufected genes were 
seen in all three carcinoma cell lines tested. 
VACO 235 cransfcetants, however, ex- 
pressed similar amounts of exogenous p53 
mRNA from either pC53-5N3 (wild-type) \ 
or pC53-SCX3 (mutant) p&3 constructs c 
(Fig. 2A). 


f 


In summary, our results 
expression of the wild-type 


vided a control for gene specjficiry, u a, ^ 
contained only one conservative mutac*^ 
resulting in a substitution of one hydrops 
bic amino acid (alanine) for another (valine) . 
at a single codon. Second, the growth, 
suppressive effect of the wild-type p53 coo. 
strua was cell r y pe^ s p ec uic. Introduction of 
the wild-type vector into the VACO 235 
adenoma cell line had no measurable inhibi- 
tory effect compared to the mutant p53 
vector. There are several differences bctwcoi 
the cell lines thar could account for the 
differcnbaJ effect of the introduced vectors 
Regardless of the basis for the difference, die 
results with the VACO 235 cell line mini- 
mize the possibility that the wild-type p53 
construct had some nonspecific, toxic effect 
on recipient cells; the effect was cell type- 
dependent. 

The rransfccrion and expression results ot' 
Table 1 and Fig. 2A suggest that cells at the 
premali grant stages of rumor progression 
(VACO 235) may be less sensitive ro the 
inhibitory effects of wild-type p53 than ma- 
lignant cells (5W480, SW837, and RXOi 
TT^ hv^mesu U ccHuistcnt with previouo 
results Jiat iuggtit the wUd-rype p53 is Its* 7 
(^l^birory to the growth bf normal rai : em-^J 


suggest that bryo fibroblasts ^ than^to metf "oncogene} 1 
p53 gene in (^crwfrc^ demacryes {il^^J^i^^^l 
colorectal carcinoma cell lines was tncom- f may only be relative: exprt^io ^ ~> 
padble with prolifcrarion. The inhibitory CjQy* gerle at hi gh concencraooris rnighr in- > 
effects of wild-type p53 were specific in two ("Kibit ehe growth of any cell type. mducUng_> 
ways. First, a single point mutation in a p53 f "©rwi^ 
gene construct abrogated its suppressive ( mal regulatory processes sucK^ 
properric* as measured by three separate Cryiadon (JO, ^7). 1 Generic altcrabons SaT 


assays { colony formadon. exogenous p53 
expression in rran s rec te d clones, and thymi- 
dine incorporation). The GX3 mutant pro- 
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MO. 2. (A) expression 

independent gencDcin- 

and SN3. ropecdvetv) wen 
trwufecoon of pCMV-N«> 
negidve control. RNa»c pn 
p53 mRNA arc daignatrd 
analysis of SW480 pooled 
•cparared by agircacgcl c 
the p53 gene as d a y niled 
fettering: Unr CMV, pL_ r 
pooii); and tana SN3-A ami 
the endogenous p53 gene n 
introduce^ DNA is indicated 


Dnc co four naafc* containing » total of at Jos 40 
with pC53-SCX3 or pC£3-5Na (domtd CX3 
pooled for RNA prcpanuion (2J). Geneodn-rcsueant clones rorrivd after 
(am. a vector devoid of p53 •equence* (dksipiucd CMV), were used m a 
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i of pooled clones. One to four Basks i 
clones transracred ' 
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doc TQphoresis* 
d(*VThe lanes 


'a» uufmiiasj aai fr nai wri in Fig. I A. Endogenous and t 
and Esq.. rapecrjveJv (set legend to Fig. lAl. (B) S ouU s tm bsm 
of SW4S0 ceils w» digested with Bam HI, 


Endo. and Exo., rcjpecn«e> fse* legend ro Fig. 
DNA from pooied c 

avuforrvd ro nylon, and hybridised wuh a Ubekd probe from 
lane* klwumU ponied clono from SW4B0 oelk ervufcered with die 
pOfV-Neo-Bvn; lanes CXS-A and CX3-B, pC5»-SCX3 (two a u ±p * m±3u 
SN3-B, pC53-SN5 (two independem poolsi. The fragrncm rrom 

is indicaird as Endo., and the 1.8-kb fragment from the oogenous^ 
m Eso. 


occur during the progression of colorectsj 
tumors (22) may increase the sensibvity ot' 
cells co p53 inhibidon, making wild-type 
p53 expression a key. rare- limiting factor for 
further rumor growth and expansion. At 
ehis point, and not before, mutations in the 
p53 gene would confer a selective growth 
advantage to cells in vivo, which would 
explain the frequent occurrence of p53 gene 
mutations and allelic loss only in the more 
advanced stages of colorectal tumorigenesis 
(I. 22). 
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Mutations in the p53 gene are associated with a wide 
variety of human tumors, including those of the breast 
To assess functionally the role of the p53 gene in the 
development of human breast cancer, we introduced 
either wild-type or mutant p53 cDNA into three human 
breast cancer cell lines by DNA transfection. The cell 
lines MDA-MB 468 and T47 D contain only single 
mutated copies of the p53 gene, whereas the status of p53 
in the breast cancer cell line MCF 7 remains equivocal 
Following transfection, MCF 7 cells continued to grow 
unaffected both in vitro and in vivo in the presence of high 
levels of expression of the exogenous wild-type p53 gene. 
In contrast, however, the continued expression of an 
exogenous wild-type p53 gene was incompatible with cel- 
lular growth in both the MDA-MB 468 and T47 D cell 
lines. Elevated levels of expression of the exogenous 
mutant p53 gene did not alter the growth of the cell lines 
in vitro. These data strongly suggest that the wild-type 
p53 gene can function as a suppressor of cellular growth 
in breast cancer cells. That the wild-type p53 gene does 
not suppress the growth of MCF 7 cells indicates that at 
least some human breast tumors can arise without func- 
tional inactivation of the p53 gene by mutation. These 
tumors may represent a separate prognostic group. 


Introduction 

The p53 gene is a nuclear phosphoprotein (Lane & 
Crawford, 1979) which has been implicated in the 
normal proliferation and neoplastic transformation of 
cells (Lane & Benchimol, 1990). It is expressed at low 
levels in non-transformed cells but is often elevated in 
tumor-derived or transformed cell lines (Lane & Ben- 
chimol, 1990). Several studies support the hypothesis 
that the p53 gene can function as a dominant trans- 
forming oncogene (Eliyahu et al, 1984; Jenkins et al, 
1984; Parada et al, 1984). Recently, however, it has 
been demonstrated that these studies employed mutated 
p53 genes (Lane & Benchimol, 1990), and that the wild- 
type gene is incapable of transformation (Eliyahu et al, 
1988; Finlay et al, 1988; Hinds et al, 1989). Indeed, the 
wild-type gene can even inhibit the activity of trans- 
forming genes in transfection assays (Finlay et al, 1989). 
These data would therefore suggest that the wild-type 
p53 gene can act as a suppressor of cellular growth. 

There is strong evidence implicating mutations in the 
p53 gene in the etiology of many human cancers (Baker 
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et al, 1989; 1990; Nigro et al, 1989; Takahashi et al, 
1989; Diller et al, 1990; Iggo et al, 1990; Mercer et al, 
1990; Mulligan et al, 1990; Rodrigues et al, 1990). Evi- 
dence has recently been obtained for the functional sup- 
pression of the cellular growth of several different 
human cancer cell lines, including colon cancer (Baker 
et al, 1990), glioblastoma (Mercer et al, 1990) and 
osteosarcoma (Chen et al, 1990; Diller et al, 1990), fol- 
lowing DNA transfection or retroviral transfer of the 
wild-type p53 gene. 

Evidence is accumulating that mutations in the p53 
gene are important in the development of human breast 
cancer (Nigro et al, 1989; Bartek et al, 1990a). Allele 
losses have frequently been observed on the short arm 
of chromosome 17 in human breast tumors (Mackay et 
al, 1988; Devilee et al, 1989; Varley et al, 1991), con- 
sistent with there being a tumor-suppressor gene(s) in 
this region. Although there may be two regions of allele 
loss on chromosome 17p (Coles et al, 1990), one is 
known to include the p53 gene (Coles et al, 1990; 
Devilee et al, 1990) at 17pl3 (Isobe et al, 1986; 
McBride et al, 1986). Frequent overexpression of the 
p53 gene has been reported in breast tumors (Crawford 
et al, 1984), and there is a high correlation between ele- 
vated expression of the p53 gene and loss of hetero- 
zygosity on the short arm of chromosome 17 
(Thompson et al, 1990). Point mutations in the p53 
gene have been detected in both breast cancer cell lines 
and primary tumors (Nigro et al, 1989; Bartek et al, 
1990a; 1990b; Prosser et al, 1990; Varley et al, 1991), 
and abnormal histochemical staining using anti-p53 
antibodies has been reported in approximately 50% of 
breast tumors examined (Cattoretti et al, 1988; Bartek 
et al, 1990a). Interestingly, mutations of the p53 gene 
correlate strongly with abnormal histochemical staining 
(Bartek et al, 1990b; Iggo et al, 1990; Rodrigues et al, 
1990). Recently, two groups (Malkin et al, 1990; Srivas- 
tava et al, 1990) have shown germ line p53 gene muta- 
tions in fibroblasts derived from both affected and 
non-symptomatic individuals exhibiting the hereditary 
cancer disease Li-Fraumeni syndrome. Patients with 
this syndrome can develop a variety of soft-tissue 
cancers, and often develop breast cancer at an early age 
(Li & Fraumeni, 1969). Taken together, these results 
strongly suggest that the wild-type p53 gene may func- 
tion as a suppressor of cellular growth in human breast 
cancer cells. 

To obtain functional evidence for this hypothesis we 
have introduced both wild-type and mutant p53 cDNAs 
by DNA transfection into the breast cancer cell lines 
MDA-MB 468, T47 D and MCF 7. MDA-MB 468 and 
T47 D have previously been shown to contain only a 
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single, mutated copy of the p53 gene (Nigro et a/., 1989; 
Bartek et a/., 1990b). The status of p53 in the MCF 7 
cell line remains to be determined. 

We present data which show that the wild-type p53 
gene functions as a suppressor of cellular growth in the 
cell lines MDA-MB 468 and T47 D but has little effect 
upon MCF 7 cells. The data presented support a role 
for the wild-type p53 gene in the suppression of cellular 
growth in some, but not all, breast cancer cells. 


Results 

Status of the p53 gene in breast cancer cell lines 

It has been shown previously that the cell lines 
MDA-MB 468 and T47 D are hemizygous for the p53 
gene, and contain a single point mutation in the remain- 
ing allele at codons 273 and 194 respectively (Nigro et 
a/., 1989). However, the status of p53 in the biologically 
well-characterized cell line MCF 7 has not been deter- 
mined. The p53 gene is expressed at elevated levels in 
these cells consistent with the presence of mutant p53 
(Thompson et al, 1990). However, immuno- 
histochemical staining using monoclonal antibodies to 
the p53 protein show only reactivity against a minor 
population of MCF 7 ceils (Bartek et aU 1990a; 1990b). 

To determine the status of the p53 gene in MCF 7 
cells, we employed the methods of mRNA-cDNA syn- 
thesis and PCR amplification followed by asymmetric 
PCR and direct sequencing (Gyllensten & Erlich, 1988) 
(see Materials and methods for details). The vast major- 
ity of p53 gene mutations identified have clustered 
within a 'hot-spot' encompassing highly conserved 
regions of the gene (Nigro et a/., 1989). We therefore 
sequenced the region surrounding this 'hot-spot' start- 
ing with two independent mRNA isolations of MCF 7, 
using four overlapping sequence primers. We observed 
no mutations in the region encompassing exons 4-9 in 
either sample, and conclude that the cell line MCF 7 is 
wild-type for this region of the p53 gene. 

The transfection of exogenous p53 genes into breast 
cancer cells 

There were no differences in the total number of 
neomycin-resistant colonies arising from the trans- 
fection of either the mutant (pC53-SCX3) p53 gene or 
the vector pCMV-neo-Bam control in any of the three 
cell lines (data not shown). By comparison, there was a 
reduction of approximately 50% in the overall number 
of colonies arising following transfection of the wild- 
type (pC53-SN3) p53 gene into the MDA-MB 468 and 
T47 D cell lines (data not shown). In contrast, however, 
we did not observe any differences in the total number 
of MCF 7 colonies arising following transfection of the 
wild-type p53 gene. A second series of transfections con- 
firmed these observations. 

In the first experiment, neomycin-resistant colonies 
were clonally expanded and examined by Southern 
analysis for intact integration of the exogenous p53 
gene. As shown in Table 1, a relatively small number of 
the MDA-MB 468 and T47 D clones contained intact 
exogenous wild-type p53 genes (0 of 9 and 1 of 8 clones 
analysed respectively). A second transfection experiment 
was undertaken to obtain a more significant assessment 


Table 1 Neomycin-resistant colonies containing intact exogenous 
p53 DNA* 




pC53-SN3 

pC53-SCX3 

Celt line 

Experiment no. 

(wild-type) 

(mutant) 

MCF 7 

1 

5/32 (16%) 

' 7/15(47%) 


2 

24/103 (23%) 

18/40 (45%) 

MDA-MB 468 

1 

0/9 (0%) 

3/8 (38%) 


2 

1/27 (4%) 

8/41 (20%) 

T47 D 

1 

1/8 (13%) 

2/5 (40%) 


2 

7/47(15%) 

4/11 (36%) 


* Clones were regarded as positive if they contained exogenous p53 
DNA of the correct size by Southern analysis (series 1) or by PCR 
analysts or both (series 2). PCR analyses were conducted on approx- 
imately 2 x I0 4 cells. Each transfection with wild-type p53 cDNA was 
performed in duplicate. 


of the role of wild-type p53. To facilitate the analysis of 
a greater number of clones, transfectants were analysed 
at the colony stage by PCR analysis, using the PI and 
P2 primers described previously (Nigro et ai, 1989). As 
described in the Materials and methods, colonies were 
transferred to two 48-welI plates. DNA was extracted 
from a single well containing approximately 500-4000 
cells and examined by PCR analysis for integration of 
the exogenous p53 gene. Clones which were positive in 
this assay were expanded for further analysis. As a 
control, a number of colonies which were negative by 
this assay were also expanded for Southern analysis. 
Repesentative Southern and PCR analyses are shown in 
Figure la and b respectively. The L8kb exogenous p53 
cDNA can be distinguished from the endogenous 7.8 kb 
p53 gene following digestion of genomic DNA with the 
restriction endonuclease BamHI. The p53 primers PI 
and P2 specifically amplify a fragment of approximately 
1.3 kb. In no case did we find non-concordance in our 
PCR and Southern hybridization data. 

In most instances, between 36% and 47% of the 
neomycin-resistant clones which arose following trans- 
fection of the three cell lines with mutant p53 cDNA 
(pC53-SCX3) contained intact exogenous copies of this 
gene (Table 1). This contrasted greatly with the number 
of clones which contained intact exogenous wild-type 
p53 cDNA (pC53-SN3). In the case of the MDA-MB 
468 and T47 D ceii lines, the overall number of positive 
wild-type p53 clones was extremely small. Only 1 of 36 
(3%) MDA-MB 468 clones, and 8 of 55 (15%) T47 D 
clones were positive. The number of positive MCF 7 
wild-type p53 clones was higher, being 29 of 135 (22%). 
However, this does represent a reduction of nearly 50% 
compared with the number of positive mutant p53 
clones (25 of 55, or 45%). 

To determine the stability of transfectants, several 
MCF 7 mutant and wild-type p53 clones and 
MDA-MB 468 mutant p53 clones were maintained in 
continuous culture. Cell clones were grown for up to 
approximately 50 population doublings, and were 
analysed by PCR analysis. In no case did we find loss 
or rearrangement of the exogenous cDNA, confirming 
the stability of these clones (data not presented). 

Expression studies 

To determine whether or not the exogenous p53 genes 
were expressed, we examined all the MDA-MB 468 and 
T47 D wild-type p53 clones which contained an intact 
exogenous p53 gene. In addition, a number of mutant 1 
p53 transfectants and several MCF 7 wild-type and 
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a 



Figure 1 Southern and PCR analyses of p53 cDNA-transfected breast cancer cell lines, (a) Genomic DNA isolated from several p53 
cDNA transfected clones was digested with the restriction endonuclease Bam HI and hybridized with p53 cDNA. The endogenous 
p53 gene appears as a 7.8 kb fragment, and the exogenous cDNA as a 1.8 kb fragment. All lanes were loaded with 10/ig of DNA. (b) 
Analysis of the same clones by PCR amplification using the primers PI and P2 (see Materials and methods), which amplify the entire 
coding region of the p53 gene. The 1.3 kb amplification product was electrophoresed on a 6% polyacrylamide gel and stained with 
ethidium bromide 


mutant p53 transfectant clones were also examined. A 
representative Northern analysis is shown in Figure 2. 
The endogenous p53 gene appears as a 2.8 kb fragment, 
whereas the exogenous p53 gene appears as a 2.65 kb 
fragment. Data are summarized in Table 2. As can be 
seen, the majority of mutant p53 clones of all three cell 
lines expressed the exogenous gene at high levels. In 
contrast, the exogenous wild-type p53 gene was only 
expressed in MCF 7 transfectants and the single 
MDA-MB 468 wild-type p53 clone SN3cl (see Figure 
2). No T47 D transfectants expressed the exogenous 
wild-type p53 gene. 

We examined two MCF 7 wild-type p53 clones 
(SN3cl4 and SN3c29) to determine the effect of high 
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Figure 2 Northern analysis of total RNA from p53 transfectants 
hybridized with p53 cDN A. Endogenous p53 appears as a 2.8 kb 
transcript, whereas the exogenous gene appears below as a 2.65 kb 
transcript. Lanes 1 and 4 contain RNA from the parental cell lines 
MCF 7 and MDA-MB 468 respectively. Lanes 2 and 3 contain 
RNA from two representative wild-type p53 MCF 7 transfectants. 
Lane 5 contains RNA from the single wild-type p53 MDA-MB 
468 transfectant SN3cI which contained an intact exogenous p53 
cDNA by Southern and PCR analyses 


expression of the exogenous wild-type gene upon cellu- 
lar growth. Cells were plated at equal densities and 
compared with the parental MCF 7 cell line. There were 
no significant differences between the growth properties 
of the parental cell line compared with the two trans- 
fectants (see Figure 4a). 

To examine the effect of a highly expressed wild-type 
p53 gene upon tumor growth, the MCF 7 clones 
SN3c24 and SN3c29 and MDA-MB 468 clone SN3cl 
(see Figure 2) were injected into athymic nude mice and 
their growth properties compared directly with parental 
cells. Sites on five different animals were injected with 
10 1 cells for each of the two MCF 7 clones, and sites on 
three mice were injected with 10 7 cells for the 
MDA-MB 468 clone. Parental cells were injected into 
the corresponding flank of the animals at the same cell 
inoculum. There was complete tumor take in all cases, 
and no difference in the growth rate of the developing 
tumors (data not shown). 

These data suggest that wild-type p53 is not a sup- 
pressor of cellular growth in MCF 7 cells either in vitro 
or in vivo, as a signficant proportion of MCF 7 clones 
expressed elevated levels of the exogenous wild-type p53 
gene. In contrast, this gene may function as a suppress- 
or of cellular growth in breast cancer cells which 
contain only a single mutated copy of the p53 gene. 
This notion is supported by the observation that none 
of the T47 D clones which contained intact wild-type 
p53 genes was expressed. Indeed, the majority of wild- 


Table 2 Expression of p53 genes in breast cancer cells 


Cell line 

Expressed clones/clones analysed 9 

pCS3-SN3 

pC53-SCX3 

MCF 7 

5/7 

9/10 

MDA-MB 468 

1/1 

5/6 

T47D 

0/7 

1/2 


* Expression data of transfected clones previously shown to be posi- 
tive by both PCR and Southern analyses 


1794 G. CASEY et at. 


type p53 MDA-MB 468 transfectants also did not 
contain intact exogenous wild-type DNA sequences. 
However, a single clone (MDA-MB 468 SN3cl) did 
express wild-type p53 at high levels, and growth of this 
clone was unaffected both in vitro and in vivo. The role 
of the wild-type p53 gene as a suppressor of cellular 
growth would be substantially supported if we could 
show functional inactivation of this clone. 

PCR amplification and sequencing 

As a first step towards determining the status of the 
exogenously introduced gene in MDA-MB 468 SN3cl, 
we amplified genomic DNA by PCR using the primers 
P53CL1 and P53CL2. In this way we specifically ampli- 
fied only the exogenous p53 cDNA, independent of the 
endogenous p53 gene sequences. The coding region 
encompassing exons 4-8 was sequenced using four 
internal primers which are described in Materials and 
methods. The exogenous p53 gene contained a C to A 
transition at codon 183, resulting in the conversion of a 
serine residue to a nonsense mutation (Figure 3). We 
confirmed this mutation following DNA sequencing in 
both orientations (data not shown). This mutation 
occurred near the mutation 'hot-spot* region of the p53 
gene (Nigro et ai, 1989), and presumably must have 
arisen spontaneously either during DNA transfection or 
soon afterwards. This result confirms that no MDA-MB 
468 transfectants expressed a wild- type p53 gene, 
thereby supporting the hypothesis that this gene is a 
suppressor of cellular growth in these cells. 
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Growth studies of p53 transfectants 

There is compelling evidence supporting a dominant 
negative function for mutant p53 in murine cells 
(Michalovitz et a/., 1990). However, in the human 
system mutant p53 may not function in a similar way. 
Indeed Chen et al (1990) found that the wild- type p53 
gene was dominant when introduced along with a 
mutant p53 gene into the p53-null osteosarcoma cell 
line Saos-2 by retroviral transfer. 

To examine the effect of elevated levels of mutant p53 
upon cell growth, we compared the plating efficiencies 
and growth characteristics of several clones of MCF 7 
and MDA-MB 468 which expressed exogenous mutant 
p53 at elevated levels. Figure 4 shows the plating effi- 
ciencies and growth of several clones compared with the 
parental cells. In no instance did we find any difference 
in the growth potential of either MCF 7 or MDA-MB 
468 mutant p53 clones compared with the parental cells 
(Figure 4b and c respectively). In addition, we did not 
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Figure 4 Growth rates and saturation densities of p53- 
transfected MCF 7 or MDA-MB 468 cells expressing wild-type or 
mutant exogenous p53 cDNA. (a) Growth rates of MCF 7 par- 
ental cells (•), transfectant clones MCF 7 SN3cl4 (O) and MCF 
7 SN3c29 (A), which express exogenous wild-type p53. (b) Growth 
rates of MCF 7 parental cells (#), transfectant clones MCF 7 
SCXc30 (O), MCF 7 SCXc32 (A) and MCF 7 SCXc34 «H which 
express exogenous mutant p53. (c) Growth rates of MDA-MB 468 
parental cells (•), transfectant clones MDA-MB 468 SCXcl (OX 
MDA-MB 468 SCXc2 (A), MDA-MB 468 SCXc6 (0) and 
MDA-MB 468 SCXc8 (□), which express exogenous mutant p53. 
All transfectant clones expressed exogenous pS3 at high levels. 
Cells were fed every 2-3 days throughout the entire experiment 

observe any differences in saturation density of these 
clones. 


G A T C 

Figure 3 Position of pS3 gene mutation in the transfectant 
MDA-MB 468 SN3cl. The C to A mutation at codon 183 is indi- 
cated, and results in the conversion of a serine residue to a stop 
codon 


Discussion 

An understanding of the genetic changes which occur in 
the transition of a normal cell to a tumor cell is crucial 


if we are to develop new strategies towards both the 
prevention and treatment of cancer. Breast cancer is a 
particularly challenging disease. It is highly complex 
and ill-defined, and the natural history of the progres- 
sion of primary breast cancer varies considerably from 
patient to patient. This heterogeneity makes patient 
management and therapeutic decisions difficult. Thus 
molecular approaches which will identify genetic sub- 
groups would be invaluable in the overall management 
of this disease. 

Mutations of the p53 gene have been identified in a 
significant proportion of breast tumors (Baker et aL, 
1990; Bartek et aL, 1990b). We present evidence that the 
wUd-type p53 gene functions as a suppressor of cellular 
growth in two breast cancer cell lines, MDA-MB 468 
and T47 D, which harbor mutations in the p53 gene. Of 
55 T47 D clones examined, none expressed exogenous 
wild-type p53, and only 1 of 36 MDA-MB 468 clones 
expressed this gene (compared with a significant pro- 
portion of which expressed the mutant p53 gene). This 
single MDA-MB 468 wild-type p53 cDNA transfectant 
was shown to contain a novel single nucleotide base 
mutation by DNA sequencing. We conclude that this 
clone was able to survive because of a spontaneous 
single nucleotide mutation which arose in the exoge- 
nous wild-type gene at the time of transfection or soon 
afterwards, resulting in the conversion of a serine 
residue to a stop codon. This is supported by the fact 
that MDA-MB 468 and T47 D cells were able to grow 
unaffected in the presence of elevated levels of an exoge- 
nous mutated p53 gene. Thus the only difference 
between the exogenous wild-type p53 gene (p53SCX3) 
and both the exogenous mutant gene used in these 
transfections and the spontaneous mutant which arose 
in MDA-MB 468SN3cl is a change in a single nucleo- 
tide. This provides further evidence that only a subtle 
change is sufficient to alter the normal function of the 
wild- type p53 gene in a cell. The demonstration of sup- 
pression of cellular growth of breast cancer cells by 
wild-type p53 adds to a growing list of cancers, which 
includes colon cancer (Baker et aL, 1990), glioblastoma 
(Mercer et aL, 1990) and osteosarcoma (Chen et aL 
1990; Diller et aL, 1990), in which functional suppres- 
sion has been demonstrated. These studies suggest that 
like the retinoblastoma gene, human p53 has a broad 
suppression activity in many different tumor types. 

In contrast to MDA-MB 468 and T47 D, growth 
suppression by the wild-type p53 gene could not be 
demonstrated in the breast cancer cell line MCF 7. 
Although there was a reduction in the overall number 
of MCF 7 clones which expressed wild-type p53 com- 
pared with mutant p53, all the clones examined 
expressed the wild-type gene at elevated levels. That 
MCF 7 cells can grow unaffected in the presence of 
wild-type p53 means that it is highly unlikely that the 
growth suppression observed in the cell lines MDA-MB 
468 and T47 D was simply due to a toxic effect. 
Further, it has been shown that the introduction by 
retroviral transfer of single copies of the wild-type p53 
gene into osteosarcoma cells which do not express 
endogenous p53 is sufficient to suppress the neoplastic 
growth of these cells (Chen et aL, 1990). 

Most analyses of mutation in the p53 gene have 
focused upon the highly conserved regions of the gene 
which are encompassed by the exons 4-9 (Iggo et aL, 
1990; Malkin et aL, 1990; Rodrigues et aL, 1990), and 
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we have shown by PCR amplification followed by direct 
DNA sequencing that MCF 7 cells are wild-type in this 
region. A small number of mutations have been 
described in other regions of the p53 gene (Vogelstein, 
1990), and we cannot exclude the possibility that MCF 
7 cells may contain a mutation in another region'of the 
gene or promoter. If a mutation is present, however, this 
must presumably represent a functionally separate 
group from those found in the cell lines MDA-MB 468 
and T47 D, as the introduction of the wild-type p53 
gene into MCF 7 cells has no effect upon cellular 
growth. Functionally distinct mutations of the p53 gene 
have been described. For example, a clustering of p53 
mutations has been observed in DNA from individuals 
with Li-Fraumeni syndrome (Malkin et aL, 1990; Sri- 
vastava et aL, 1990), and the mutant p53 proteins do 
not form complexes with the heat shock protein hsc 70 
(Malkin et aL, 1990), as has been observed in other 
mutant p53 proteins (Finlay et aL, 1988). Further, a 
murine p53 variant has recently been described which 
contains a mutation adjacent to the cluster of p53 
mutations seen in Li-Fraumeni individuals (Halevy et 
aL, 1990). This p53 mutant protein also does not bind 
hsc70 protein, and its transforming capabilities are 
severely reduced (Halevy et aL, 1990). 

An alternative interpretation of these data is that 
MCF 7 cells reflect a group of tumors in which modifi- 
cations in the p53 gene are not involved. Alterations in 
p53 have not been identified by either immuno- 
histochemical means or by DNA sequencing in nearly 
50% of breast tumors. In the progression of colon 
tumors, mutations rarely occur in the preneoplastic ade- 
nomatous stage (Baker et aL, 1989) and, interestingly, 
transfection of wild-type p53 has no effect upon the 
growth of these cells (Baker et aL, 1990). This result 
further supports the notion that the reintroduction of 
wild-type p53 into cells by DNA transfection is a valid 
assessment of the functional status of the p53 gene in 
these cells. Therefore the inability of wild-type p53 to 
suppress the growth of MCF 7 cells may be a true 
reflection of the lack of involvement of the p53 gene in 
the development of this disease. A molecular sub- 
classification of breast tumors based upon the presence 
or absence of p53 mutations may prove to be invalu- 
able. It remains to be determined, however, if this sub- 
classification would have diagnostic or prognostic 
significance. 

It has been proposed that mutant p53 may function 
in a dominant negative manner (Baker et aL, 1989; 
1990). To assess a functional role for mutant p53 in 
breast cancer development, we examined several clones 
which expressed exogenous mutant p53 cDNA at high 
levels. No differences were observed in the plating effi- 
ciencies or growth rates of any clones compared with 
the parental cells. Interestingly, the introduction of 
mutant p53 by retroviral infection into the 
osteosarcoma cell line Saos-2 (which does not express 
endogenous p53) resulted in a greater saturation density 
(Chen et aL, 1990). In our experiments we did not 
observe an elevated saturation density in any clones 
examined. This discrepancy may be due to the fact that 
in the absence of wild-type p53 expression of mutant 
p53 per se has an effect upon saturation density, and 
that a further elevation of expression will have no 
further effect. Alternatively, either breast cancer cells 
may respond in different ways to mutant p53 gene 
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expression or different mutant p53 genes may have dif- 
ferent effects upon saturation density. The last two sug- 
gestions could be addressed by introducing different 
mutant p53 genes into these cells. 


Materials and methods 


Cell culture 

The breast cancer cell lines MCF 7, MDA-MB 468 and T47 D 
were grown in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 5% heat-inactivated fetal bovine serum 
(FBS) with antibiotics, and maintained in a 5% C0 2 . humidi- 
fied atmosphere. 

Transfection 

Cells were plated at 70-80% confluency in 100 mm 2 dishes, 
and transfected with lS^gml' 1 plasmid DNA using the 
calcium phosphate procedure (Graham & van der Eb, 1973). 
Two separate plates were transfected with the wild-type p53 
gene construct for each line, whereas only single plates were 
transfected with the mutated p53 gene and vector control. 
Following exposure to DNA in calcium phosphate for 4h, 
cells were treated to a 15% glycerol shock for lmin. After 
incubation overnight at 37°C each plate was trypsinized into 
five 100 mm 2 dishes and selection applied after 3 days of incu- 
bation. The MCF 7 and T47 D cell lines were exposed to 
600/igml" 1 Geneticin (Gibco), whereas MDA-MB 468 cells 
were exposed to 300/igml" 1 Geneticin. Colonies arose after 
14-21 days. The total number of colonies arising was deter- 
mined after 4 weeks. 

PCR analysis of clones 

DNA was isolated either by conventional methods (Sambrook 
et aL 1989), or by a rapid proteinase K/detergent method 
(Higuchi. 1989). The latter method enabled the analysis of 
neomycin-resistant clones containing approximately 500-4000 
cells, which represents approximately 10-12 population doub- 
lings. Following selection in medium containing appropriate 
amounts of Geneticin, colonies were transferred to two 48-weIl 
plates. DNA was extracted by the proteinase K/detergent 
method and amplified using p53 primers Pi and P2 (described 
in Nigro et ai, 1989). Those clones which proved positive were 
expanded for further analysis. 

Southern analysis 

A I0//g sample of DNA was digested with the restriction 
endonuclease Bam HI following the manufacturer's instruc- 
tions, and electrophoresed on 0.8% agarose gels. Southern 
transfer was performed using 0.4 m sodium hydroxide (Altherr 
et aL 1989) and Genatran nylon membrane (Plasco). Hybrid- 
ization probes were made from gel-purified (USBioclean) frag- 
ments using the random primer method of labeling (Feinberg 
& Vogelstein, 1983). The p53 probe used in these hybrid- 
ization studies encompassed the entire cDNA. 

Northern analysis 

Total RNA was isolated by the acid-guanidinium thiocyanate 
method of Chomczynski & Sacchi (1987) with the modifi- 
cations of Puissant & Houdebine (1990). Northern analyses 
were performed using 10-20 /ig of total RNA. Following elec- 
trophoresis on 1.2% agarose/formaldehyde gels, RNA was 
transferred to GeneScreenPlus nylon membrane (Du Pont). 
Hybridization probes were made from gel-purified 
(USBioclean) fragments using the random primer method of 
labeling as described above. "*" , 


PCR sequencing 

Total RNA was isolated by the acid-guanidinium thiocyanate 
method described previously. Single-strand cDNA was gener- 
ated using 1 /ig of total RNA and 20 units of M-MLV reverse 
transcriptase (BRL) following the manufacturer's instructions. 
DNA was extracted from cell lines by conventional means 
(Sambrook et ai, 1989). Either 0.5 ^g genomic DNA or one- 
fifth volume of the cDNA reaction was amplified using the 
following primers: 

P53CL 1 GCGG ATCCACGACGGTG ACACGCTTCCCTG 
P53CL2 

GCGGATCCGTCCTGGGTGCTTCTGACGCACAC 

which contain additional Bam HI sequences. Following ampli- 
fication, samples were spun through Centricon 30 columns 
(Amicon) to remove excess nucleotides and primers, and a 
second, asymmetric IPCR amplification was performed 
(Gyllensten & Erlich, 1988; Allard et al. y 1991) using the fol- 
lowing primers in a ratio of 50:1 (P53CL4:P53CL3): 

P53CL3 CAGACTGCCTTCCGGGTCACCTG 
P53CL4 GGAGGCTGTCAGTGGGGAACCC 

Single-strand templates were purified using Centricon 30 
columns, and sequenced by the dideoxy chain-termination 
method using a Sequenase 2.0 kit (United States 
Biochemicals) and the following primers : 

P53SQ 1 CCTGTCATCTTCTGTCCCTTCCCAG 

P53SQ2 CTCCCCTGCCCTCAACAAG 

P53SQ3 GGCCATCTACAAGCAGTC 

P53SQ4 GTTGGCTCTGACTGTACCAC 

The sequencing reaction mixes were separated by electro- 
phoresis on gradient 6% polyacrylamide gels. 


Plasmids 

The plasmids used in these experiments have been described 
previously (Baker et ai, 1990). pCMV-neo-Bam is an expres- 
sion vector containing the cytomegalovirus (CMV) LTR pro- 
moter, and the neomycin resistance gene under the control of 
the SV40 promoter-enhancer. Either a wild-type or a mutated 
p53 gene was introduced into this vector to create pC53-SN3 
or pC53-SCX3 respectively. The only difference between the 
two constructs is a single nucleotide (T to C) change resulting 
in a substitution of alanine for valine at codon 143 in pC53- 
SCX3 (Baker et a/., 1990). 


Cell growth studies 

Cells were plated at a density of 4 x 10 3 cells/ml in 60 mm 2 
dishes in duplicate. The data presented summarize three inde- 
pendent growth experiments. Cells were fed every 2 or 3 days. 


Tumorigenicity assays 

Cells were injected subcutaneously into 5- to 6-week-old 
athymic nude mice (Sprague Dawley) at inoculi of 10 7 cells 
per site. Mice were fed on sterile water containing l//gml~ l 
17-alpha ethynylestradiol (Sigma), and monitored for tumor 
growth regularly. Tumors were allowed to develop for 28 
weeks. 
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Mutation of the p53 tumor suppressor gene is a recurring event in a variety of human cancers. Wild-type p53 
may regulate cell proliferation and has recently been shown to repress transcription from several cellular 
promoters. We studied the effects of wild-type and mutant human p53 on the human proliferating-cell nuclear 
antigen promoter and on several viral promoters including the simian virus 40 early promoter-enhancer, the 
herpes simplex virus type 1 thymidine kinase and UL9 promoters, the human cytomegalovirus major 
immediate-early promoter-enhancer, and the long terminal repeat promoters of Rous sarcoma virus, human 
immunodeficiency virus type 1, and human T-cetl lymphotropic virus type 1. HeLa cells were cotransfected 
with a wild-type or mutant p53 expression vector and plasmids containing a chloramphenicol acetyitransferase 
reporter gene under viral (or cellular) promoter control. Expression of wild-type p53 correlated with a 
consistent and significant (6- to 76-fold) reduction of reporter enzyme activity. A mutation at amino acid 143 
of p53 releases this inhibition significantly with all the promoters studied. Expression of a p53 mutated at any 
one of the five amino arid positions 143, 175, 248, 273, and 281 also correlated with a much smaller (one- to 
sixfold) reductions reporter enzyme activity from the herpes simplex virus type 1 thymidine kinase promoter. 
These mutant forms of p53 are found in various cancer cells. Thus, failure of tumor suppression correlates with 
loss of the promoter inhibitory effect of p53. 


p53 is a nuclear phosphoprotein that was initially detected 
in association with simian virus 40 (SV40) large T antigen in 
virus-transformed rodent cells (31, 33). Elevated levels of 
pS3 were subsequently observed in cell lines transformed by 
a variety of agents, including DNA and RNA tumor viruses, 
irradiation, and chemical carcinogens (13, 16, 24, 29, 35, 48). 
When genomic and cDNA clones of p53 were found to 
immortalize primary cells and to cooperate with the ras 
oncogene in transformation of primary cells, p53 was con- 
signed to the nuclear oncogene family of myc and myb (16, 
29, 45); only recently has it been learned that the original 
clones contained activating mutations (24). Expression of 
wiid-type p53 has now been shows to inhibit proliferation of 
transformed cells, suppress oncogene-mediated cell trans- 
formation, and eliminate the tumorigenic potential of tumor- 
derived cell lines (2, 3, 8, 9, 14-16, 18, 36, 38, 40). Like the 
retinoblastoma susceptibility (RB) gene, p53 is now consid- 
ered to be an antioncogene or tumor suppressor gene (see 
reference 32 for a review). Somatic and germ line (in 
Li-Fraumeni syndrome) mutation of the p53 gene has been 
detected in a variety of human tumors, with mutations 
concentrated in phylogenetically conserved sequence do- 
mains (26, 32, 34, 54). At present, p53 mutations are the most 
frequently reported genetic defects in human cancer (3, 26, 
27, 44, 56, 58). 

Several biochemical functions are attributed to p53. p53- 
GAL4 fusion proteins can activate transcription from pro- 
moters containing GAL4-binding sites, suggesting that p53 is 
a transactivator (17, 47). Moreover, sequence-specific DNA 
binding by p53 has been reported (4, 30). Wild-type (but not 
mutant) p53 binds to the 21-bp repeats of the SV40 early and 
late promoters (4) and to TGCCT repeats present in the 
human ribosomal gene cluster (30). p53 inhibits SV40 DNA 
replication in vivo and in vitro by complexing with T antigen 
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and inhibiting the unwinding capability of T antigen (5, 19, 
20, 59). Wild-type p53 has recently been shown to inhibit 
c-fos transcription (21) and to repress transcription from 
several cellular promoters (10, 21, 50). 

The human proliferating-cell nuclear antigen (PCNA) gene 
is growth regulated (1, 28) and encodes a protein that is a 
component of the DNA replication machinery of the cell. 
PCNA has been identified as a cofactor of DNA polymerase 
8 (6, 46, 55). Mercer et al. (39) demonstrated a down- 
regulation of PCNA mRNA and protein by wild-type p53. 
However, the mechanism of this regulation was not known 
since the possibility that p53 might affect the PCNA pro- 
moter activity was not examined. 

Several viruses have mechanisms to target (and presum- 
ably inactivate) wild-type p53 by their transforming proteins. 
SV40 large T antigen, adenovirus 5 E1B, and E6 of human 
papillomavirus (HPV) types 16 and 18 bind specifically to 
p53 and either sequester it (large T, E1B) or promote its 
degradation (E6) (31, 33, 51, 52, 60). The effect of p53 on 
promoter activity of viruses has not been investigated in 
detail. 

We studied the effect of wild-type and mutant human p53 
expression on the activity of PCNA and several viral pro- 
moters fused to a chloramphenicol acetyitransferase (CAT) 
reporter gene. Expression of wild-type p53 correlated with a 
consistent and significant (6- to 76-fold) inhibition of reporter 
enzyme activity in HeLa cells. Significantly, mutants of p53 
found in cancer cell lines exert this inhibitory effect on the 
promoter function in this assay. This suggests that the 
promoter inhibitory activity of p53 is crucial for its tumor 
suppressor activity. 

MATERIALS AND METHODS 

DNA plasmids. Wild-type and mutant human p53 expres- 
sion plasmids (generously provided by Arnold J. Levine) 
utilize the human cytomegalovirus (HCMV) major immedi- 
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FIG. I. Schematic representation of the p53 gene product. Con- 
served domains II to V are indicated by hatched areas. Positions of 
amino acid substitutions in the mutants that are used in this study 
are indicated below. 


ate-early promoter-enhancer (-671 to +73) in the vector 
pHCMV-Neo-Bam (25). p53-cWT contains a wild-type p53 
cDNA, while p53-cl43A (Val to Ala at amino acid 143) and 
p53-c248W (Arg to Trp at amino acid 248) contain mutant 
p53 cDNAs (25). p53-175H (Arg to His at amino acid 175), 
p53-273H (Arg to His at amino acid 273), and p53-281G (Asp 
to Gly at amino acid 281) are mutant p53 cDNA-genomic 
chimeras, all containing introns 2 through 4 (25). The neo- 
mycin resistance gene was removed from all plasmids by 
treatment with Hindlll and Xbal. 

The CAT plasmids described here all contain the Esche- 
richia coii CAT gene under the transcriptional control of the 
following promoters: PCNA (human PCNA promoter) (41); 
pSV2 (SV40 early promoter-enhancer) (22); CMV (HCMV 
major immediate-early promoter-enhancer) (11); HSV-l.TK 
(herpes simplex virus type 1 thymidine kinase promoter) (37); 
UL9 (HSV-1 UL9 gene promoter (12a]); RSV (Rous sarcoma 
virus 3' long terminal repeat [LTR]) (12); HTV-1 (human 
immunodeficiency virus type 1 LTR) (43); and HTLV-I (hu- 
man T-cell rymphotropic virus type I LTR) (53). The plasmids 
are designated promoter name.CAT. PCNA. CAT was gener- 
ously provided by Gilbert Morris. 

Cell culture and transfection. Human cervical carcinoma 
(HeLa) and monkey kidney (Vero) cells were obtained from 
the American Type Culture Collection and propagated in 
minimum essential medium containing 10% fetal calf serum 
and Dulbecco's minimum essential medium, respectively. 
Subconfluent cells were transfected by the calcium phos- 
phate-DNA coprecipitation method with a dimethyl sulfox- 
ide shock 4 h posttransfection (8, 23). In a typical experi- 
ment, 5 x Mr cells were cotransfected with 2.5 u.g of a 
reporter gene construct and 5 u-g of a p53 expression plasmid 
(or 5 jtg of the expression vector without p53 sequences as a 
control). All transfection experiments were repeated several 

times. . 

CAT assay- Cells were harvested 48 h posttransfection and 
rysed by three successive cycles of freezing and thawing. 
Extracts were normalized for protein concentration and 
assayed for CAT enzyme activity (22). CAT activity was 
detected by thin-layer chromatographic separation of 
[ 14 C]chloramphenicol from its acetylated derivatives and 
quantitated by cutting out radioactive spots from the thin- 
layer chromatograph plate after autoradiography. 

Metabolic labeling and immunoprecipitation. At 48 h after 
transfection with 20 u.g of wild-type or mutant human p53 
expression plasmids (or expression vector pHCMV-Bam), 
HeLa cells were incubated in methionine -free minimal es- 
sential medium for 20 min and subsequently metabolically 
labeled for 4 h with [ 35 S]methionine (1CN Tran[ 35 S]-label) at 
70 jiCi/ml in methionine-free minimal essential medium (49). 
Cells were lysed, and extract aliquots were immunoprecipi- 
tated with PAb421, a cross-species, carboxy-terminal-spe- 
cific, anti-p53 monoclonal antibody (p53 Ab-1; Oncogene 
Science) (57), and protein A-agarose (Calbiochem). Immu- 
noprecipitated proteins were separated by sodium dodecyl 


sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
visualized by autoradiography. 

RESULTS 

Expression of wild-type and mutant human p53 proteins in 
transfected HeLa cells. We used wild-type and mutant human 
p53-expressing clones for our analysis of the effect(s) of p53 
on the function of various promoters. The mutants were 
cl43A, 175H, c248W, 273H, and 281G, where capital letters 
indicate mutant amino acids and small c indicates cDNA 
clones. These mutants were chosen because they contain the 
frequently mutated amino acid residues found in tumors (26) 
(Fig. 1). These residues fall in or near four domains (II to V) 
which are highly conserved in vertebrate species (54). 

To determine whether the mutants and wild-type proteins 
were expressed, we transfected HeLa cells with wild-type or 
mutant p53 expression plasmids or with expression vector 
pHCMV.Bam (vector alone) and metabolically labeled them 
with [ 35 S]methionine. Cell tysates were immunoprecipitated 
with PAM21, a cross-species, carboxy-tenninal-specific, 
anti-p53 monoclonal antibody, and protein A-agarose. Im- 
munoprecipitated proteins were separated by SDS-PAGE 
and visualized by autoradiography (Fig. 2). Transfection of 
HeLa cells with either wild-type or mutant p53 expression 
plasmids led to the specific immunoprecipitation of proteins 
migrating at an approximate molecular weight of 53,000 
(indicated by an arrowhead), while transfection with the 
expression vector did not. Mutant p53 proteins appear to be 
expressed at higher levels than wild-type in transfected 
HeLa cells. This is consistent with the extended half-life of 
mutant p53 proteins (32). This effect would also be due to 
inhibitory effects exerted by wild-type p53 on the CMV 
promoter. Mutant proteins would not be as inhibitory, 
resulting in a higher level of expression. In the lanes con- 
taining mutant p53s (cl43A, 175H, and 281G), a band at 
about 70 kDa is visible. This band may indicate complex 
formation between mutant p53s and the cellular heat shock 
protein 70 (25, 32). We do not know the identity of the 18-, 
43-, and 200-kDa bands seen in all lanes, including vector 
alone. The immunoprecipitation results shown in Fig. 2 
clearly indicate successful expression of wild-type and mu- 
tant human p53s in HeLa cells after transfection with the 
corresponding expression plasmids. 
Modulation of PCNA promoter activity by wild-type and 


| | s ? % 5 8 

I iiiili 


? 1 5 S 


216* — m < 

101. 

n- 


29- r 


F1G. 2. Expression of wild-type and mutants of human p53 by 
transfection of expression plasmids into HeLa cells. HeLa cells 
were transfected with pHCMV.Bam expression vector alone and 
wild-type or mutant human p53 expression plasmid DNA; the 
proteins were then metabolically labeled with [^methionine and 
immunoprecipitated with p53-specific monoclonal antibody as de- 
scribed in Materials and Methods. Immunoprecipitates were ana- 
lyzed on an SDS-polyacrylamide gel. The arrowhead shows bands 
corresponding to p53. Numbers on left show sizes in kilodaltons. 
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FIG. 4. Effect or wua-rype and a mutant human p53 on the 
expression of viral promoter-CAT constructs in HeLa cells. The 
promoter-CAT constructs indicated (see text) were transfected 

•■ ' ^Hfc separately into HeLa cells along with pHCMV.Bam (vector alone) 

or pHCMV.Bam expressing either wild-type or mutant p53 (143 
V-*A) as described in the legend to Fig. 3. For pSV2.CAT, 0.5 p-g 
- # • ■' ■ of the CAT plasmid was used with 5 tig of vector or p53 expression 

''Mb ^ ®* plasmid: All others were used as described in Materials and Meth- 

ods. 


FIG. 3. Effect of wild-type and a mutant human p53 on the 
expression of PCNA.CAT in HeLa cells. Subconfluent HeLa cells 
were cotransfected with PCNA.CAT (2.5 fig) and pHCMV.Bam 
(vector alone) or pHCMV^pam expressing either wild-type or a 
mutant p53 (143 V-»A), using the calcium phosphate precipitation 
technique as described in Materials and Methods. At 48 h posttrans- 
fectkra, cells were harvested and a CAT assay was done as 
described in the text. Experiments were repeated several times with 
similar qualitative results; one representative example is shown. 


mutant human p53. The PCNA gene encodes a nuclear 
protein that acts as an auxiliary factor of DNA polymerase 6 
and is presumably a part of the cellular replication machin- 
ery (55). It has been shown previously (39) that growth 
suppression induced by wild-type p53 protein is accompa- 
nied by a down-regulation of PCNA expression. Therefore, 
we were interested in determining whether wild-type p53 can 
inhibit the function of the PCNA promoter and, if so, 
whether a mutant p53 can exert the same effect. PCNA.CAT 
(41) was cotransfected into HeLa cells by the calcium 
phosphate precipitation technique as described in Materials 
and Methods with the pHCMV.Bam expression vector alone 
or with the plasmid expressing either the wild-type or the 
mutant (cl43A) form of p53. After 48 h, CAT activity (PCNA 
promoter activity) was assayed in these cells. Wild-type p53 
inhibited PCNA.CAT activity in transient assays by more 
than sixfold, while the mutant inhibited activity by one- to 
twofold (Fig. 3). Thus, the promoter inhibition is due to 
wild-type p53, and a mutation in the p53 gene destroys the 
inhibitory effect* 

Effect of expression of wild-type and mutant p53 on various 
viral promoters. To analyze the effect of expression of 
wild-type and mutant p53 on various viral promoters, we 
used the following promoter-CAT constructs: SV40 early 
promoter (pSV2.CAT) (22), CMV early promoter-enhancer 
(CMV.CAT) (11), HSV-1 UL9 promoter (UL9.CAT) (Da), 
HIV-1 LTR (HIV.CAT) (43), RSV LTR (RSV.CAT) (12), 
and HTLV-I LTR (HTLV.CAT) (53). The promoter activi- 
ties were determined by CAT assay after cotransfecting the 
respective promoter constructs with the pHCMV.Bam expres- 
sion vector alone or with the plasmid expressing either the 
wild-type or a mutant (cl43A) form of p53 into HeLa cells (Fig. 
4: Table 1). The experiments were repeated several times with 
qualitatively similar results. Representative examples are 
shown in Fig. 4. All the promoters were inhibited significantly 


by the expression of wild-type p53. On the other hand, the 
mutant p53 had a relatively minor, if any, effect on expression 
of the various promoter-CAT constructs. In most of the cases, 
although the inhibition persisted with the mutant p53 (cl43A), 
its extent was greatly reduced. In at least one case (HTLV- 
, .CAl), the mutant actually stimulated the activity about 50%. 
This is not entirely surprising since recently Chin et al. (10) 
reported that the human multi-drug-resistant (MDR1) gene 
promoter is activated by another mutant p53 (175H). 

All the promoters examined were inhibited by wild-type 
human p53, albeit to different extents. SV40 early promoter 
seems to be least affected under our assay conditions. To 
observe a significant extent of inhibition, we had to lower the 
pSV2.CAT concentration to 0.5 u.g per transfection. The 
difference in the extent of inhibition by the same amount of 
wild-type p53 expression construct indicates that the ob- 
served promoter inhibition is possibly not an effect of 
general lethality caused by p53. 

Effect of expression of wild-type and various mutants of 
human p53 on HSV-1 TK gene promoter. To determine the 
effect of other mutant p53 proteins on promoter activity, we 
tested wild-type and various mutants of human p53 with the 
HSV-1 TK gene promoter-CAT construct TK.CAT. The 
mutants of human p53 chosen for this study were described 
above and are as follows: p53<143A, p53-175H, p53-c248W, 
p53-273H, and p53-281G. As shown in Fig. 5, TK promoter 
activity was inhibited most dramatically by wild-type p53, 
while the mutants inhibited to different extents. It is clear 


TABLE 1. Inhibition of activity of different promoters by human 
wild-type (WT) p53 and mutant cl43A relative to 
vector alone in HeLa cells 

Activity relative to vector alone 
Promoter W 


WT p53 C143A p53 


PCNA 

15.9 

58.8 

RSV LTR 

1.3 

76.9 

HTLV-I LTR 

14.3 

156.3 

HIV LTR 

2.3 

47.6 

UL9 (HSV) 

2.8 

31.2 

SV40 carry promoter 

6.1 

90.9 

CMV early promoter 

7.2 

16.1 
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FIG. 5. Effect of expression of different mutant human p53s on 
the expression of HSV-1 TK promoter activity. HeLa cells were 
cotransfected with TK.CAT and pHCMV.Bam (vector alone) or 
pHCMV.Bam expressing either wild-type (cWT) or one of the 
mutant p53s: cl43A (V to A at amino acid 143), 175H (R to H at 
amino acid 175), c248W (R to W at amino acid 248), 273H (R to H at 
amino acid 273), and 281G (D to G at amino acid 281) as described 
in the text. CAT assays were done as described in the text. 


that all the mutants tested show a dramatic loss in mediating 
inhibition of the promoter. The failure of tumor suppression 
by these mutant p53 proteins correlates with the loss of the 
promoter inhibitory effect. 

Inhibition of activity of various promoters by wild-type 
human p53 in Vero ccUs. To determine whether the p53- 
mediated promoter inhibition is cell type specific or is 
influenced by the expression of E6 of HPV 18 in the HeLa 
cell line, we chose also to use a monkey kidney cell line 
(Vero). Table 2 shows the percentage of acetylation of 
[ 14 C]chloramphenicol with various promoters in the pres- 
ence and absence of wild-type human p53. The results 
indicate that in the Vero cell line (a nontransformed cell line) 
also, wild-type human p53 significantly inhibits various 
promoter activities (6- to 28-fold). 


DISCUSSION 


The results described above show that overexpression of 
wild-type human p53 can exert an inhibitory efifect on a 
variety of viral promoters as well as on the cellular PCNA 
promoter (6- to 76-fold, Table 1). Several other groups 
recently reported an inhibitory activity of p53 on different 
cellular promoters. Santhanam et al. (50) found that wud- 
type p53 inhibited the promoters for interleukin 6, c-/as, 
beta-actin, and the porcine major histocompatibility com- 
plex class I gene. Ginsberg et al. (21) described the inhibitjon 
of c-/<?5, beta-actin, p53, hsc70, and c-jun promoters, while 
Chin et al. (10) showed that the MDRl gene promoter was 
inhibited by p53^Combininglour:results:with thosereported^ 
previc^r>prb^cor^ 
(and^rirpronWere^r^ 
^alfffie^casesT^ 
^IfSeTless-inJuMto^ 

TABLE 2. Inhibition of different promoters by human wild-type 


TABLE 3. Inhibition of HSV-1 TK promoter by human wild-type 

p53 and different mutants 

Activity relative to 

p53 vector alone [%) 

cWT 

CH3A £J 

175H J™ 

C248W 

273H £5 

281G 2lU 


4)-for-toe-promoter-^ W> 
rwfid-rype.p5^ 

rfTat^ffir^ 
>nlTiauT5ite^ 

f(ffly~CAT)7;Thrs^ 

c affected under our assayOTnditiOTS^To observe a significant 
ixtentof mffititioHTwe had to lower the pSV2.CAT concen- 
tration to 0.5 u.g per transfection. The deference in the 
extent of inhibition by the same amount of wild-type p53- 
expressing construct indicates that the observed promoter 
inhibition is possibly not an effect of general lethality caused 
by p53. Also, different mutants of p53 have different quan- 
titative effects on promoter inhibition (Fig. 5; Table 3). 
Despite these differences, it is both interesting and signifi- 
cant that such a wide variety of viral promoters are inhibifed 
by p53. What effect endogenous p53 has on these promoters 
in the course of viral infection is not known. It remains to be 
seen whether all these viruses may have molecular mecha- 
nisms to circumvent p53 inhibition. This may represent a 
unique strategy to allow viral replication not previously 
defined for nononcogenic viruses, whereas alteration of p53 
by tumor viruses such as SV40, adenovirus, and HPV 16 and 
18 has been established (31, 33, 51, 52, 60). t 

Most of our experiments were performed in HeLa cells, 
which are known to have the E6 protein of HPV 18. Since 
HPV 18 E6 protein is known to interact with p53, a possi- 
bility remains that the data observed were influenced by this 
interaction. However, we also observed significant promoter 
inhibition in Vero cells (a nontransformed cell line) (Table 2). 
This suggests that the promoter inhibition is probably be- 
cause of p53 alone. 

Because p53 possesses the promoter inhibitory activity, it 
is possible that at least one of the mechanisms by which 
mj , « «*»ihtiar nml iteration is bv inhibiting 


Promoter 

Activity relative to 
vector alone {%) 

Fold in- 
hibition 

PCNA 
RSVLTR 
HIV LTR 
UL9 (HSV) 
CMV 

15.4 
3.5 
10.3 
11.1 
12.5 

6.5 
28.6 
9.7 
9.0 
8.0 


wild-type p53 inhibits cellular proliferation is by inhibiting 
cellular promoters. This is based on the assumption that p53 
directly inhibits transcriptional activity. This remains to be 
determined by using in vitro transcription systems. How- 
ever, the fact that the inhibitory effect of p53 is exerted on a 
wide variety of promoters, both cellular and viral, suggests 
that p53 probably affects one or more of the common 
generalized transcription factors or that it binds to promoter 
sequences nonspecifically and inhibUs jranscri ptioncArthiQ 
tstager-we-shcnild-aiso-be:^ 
^bselyea^^ 

cwhen it:is^e^xpressedP Under normal conditions, such a 
high concentration of p53 is not expected. However, it is not 
difficult to imagine that at a certain point in the cell cycle, 
local effective concentration of p53 may rise high enough to 
modulate cellular promoter activities. 

p53 remains an extremely important and intriguing mole- 
cule It has been demonstrated that purified wild-type p53 
can bind to cellular DNA (30) as well as the SV40 early 
promoter region (4). It has also been shown that it can 
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function as a transcriptional activator when expressed as a 
chimera with the GAM DNA-binding do main on prom oters 
with GAL4 DNA-binding sites (17, 47) .^e-same-molearie:? 

<m~ay~iun^olpas3nZactw^ an JnHfl^ itqr^oO 

ganscriptiori r It is" tem ptinRTto^speculate that while-p53 acts 

,^a~gefferaiUz^^ 
certainqpr^otersiw 

^obfi&edltriaf^ 

^53^pIaMid:to~inhibit^ 

^p^bindinXsites:(4)r)One can speculate that p53 may exert 
itTtumor suppressor function in several ways. First, under 
certain conditions, p53 may inhibit genes required for pro- 
gression through the cell cycle. The inhibition of the PCNA 
promoter demonstrated in this study supports this mecha- 
nism. In addition, p53 may also activate expression of genes 
involved in the regulation of normal cell cycle progression. 
This regulation of expression may require the presence of 
p53-binding sites as cis-acting factors at the target gene. A 
possibility also exists that p53 activates the production of a 
factor that interacts with the transcription machinery and 
inhibits gene expression. Thus, p53 may act as a central 
factor in controlling the dynamic pattern of gene expression 
required for maintenance of a normal cell cycle. Both the 
tumor suppressor gene products RB and p53 have cellular 
antiproliferative activity. In one way, at least, they have a 
similar biochemical function — inhibition of transcription. It 
has been suggested that at least one mechanism by which RB 
may inhibit specific transcriptional activity is by complexing 
with the transcription factor E2F (7, 42). While it is not yet 
clear how p53 exerts its effect, similarity in biochemical 
function is an intriguing common theme. 
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he protein encoded by the tumour-suppressor gene p53 
an complex with SV40 virus large T antigen, the 
denovirus E1B 58-kDa protein and the E6 protein of 
uman papillomavirus type 16. The functions of these 
omplexes are unclear, but there is some evidence to 
uggest that binding of p53 to these viral proteins may 
nactivate p53 function. Recent reports have shown that 
»53 is involved in regulation of transcription. We have 
onsidered the possibility that p53 may regulate trans- 
:ription of viral genes important for vires replication 
ind/or transformation. Inactivation of p53 function by 
brmation of such complexes might then permit correct 
•xpression of these viral genes. Since p53 can bind to the 
SV40 virus enhancer/promoter, we have investigated the 
effect of p53 on transcription\from this promoter and 
'eport here that mouse p53 is a potent repressor of the 
SV40 enhancer/promoter. Mutations within p53 severely 
inhibited this activity and provided some evidence to 
show that the N-terminus of p53 contains residues essen- 
tial for this function. We also show that mouse p53 
represses transcription from the promoters of viruses 
that do not express proteins that complex with p53: the 
human cytomegalovirus early promoter and the Rous 
sarcoma "virus long terminal repeat. By studying the 
effect of p53 on transcription in different cell lines, we 
show that the effects of p53 on promoters may be cell 
type specific. 


Introduction 

There is now considerable evidence to suggest that the 
nuclear phosphoprotein p53, in its wild-type form (wt), 
acts as a tumour suppressor. For example, deletions 
and mutations of the p53 gene are associated with a 
wide variety of human tumours (Masuda et aL 1987; 
Baker et aL 1989; Nigro et aL 1989; Sidransky et aL 
1991; Takahashi et aL 1991). In addition, wt p53 is 
able to reduce the tumorigenicity of transformed cells 
(Chen et aL 1991; Cheng et aL 1992) and suppress the 
transformation of primary rat cells by several combina- 
tions of transforming genes, including mutant p53 and 
the ras oncogene (Finlay et aL 1989). Consistent with 
this role as a tumour suppressor, wt p53 has been 
shown to inhibit proliferation of tumour cells (Baker et 
aL. 1990; Diller et aL 1990; Mercer et aL 1990; 
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Michalovitz et aL 1990; Casey et aL 1991; Isaacs et 
at 1991). Interestingly, wt p53 is also able to inhibit 
replication of SV40 vims DNA in vitro and in vivo 
(Braithwaite et aL 1987; Sturzbecher et aL 1988; 
Wang et aL 1989). . 

The precise biochemical function of p53 is not yet 
clear. However, recent reports have provided evidence 
to suggest that at least one function of p53 may be in 
the regulation of transcription. Thus, studies in which 
the amino-terminal domain of p53 or intact p53 has 
been fused to the DNA-binding domain of the yeast 
GAL4 transcription factor have shown that p53 is able 
to stimulate transcription from a reporter gene con- 
taining multiple copies of the GAL4 DNA binding 
sites (Fields & Jang, 1990; O'Rourke et aL 1990; 
Raycroft et aL 1990). This activity is dramatically 
reduced when wt p53 sequences are replaced by p53 
mutants (Raycroft et a/., 1990; 1991; Unger et aL 
1992). Mouse p53 is also able to activate transcription 
from the mouse muscle-specific creatine kinase (MCK) 
gene promoter (Weintraub et aL 1991). In contrast to 
these observations, a number of studies have clearly 
shown that wt p53 can down-regulate expression from 
the retinoblastoma gene promoter (Shiio et aL 1992) 
and from the promoters of genes whose expression is 
controlled by growth factors, such as interleukin 6 
(Santhanam et aL 1991), c-/o5, c-jun and 0-actin (Gins- 
berg et aL 1991). In addition, expression of wt p53 
reduces levels of proliferating cell nuclear antigen 
(PCNA) mRNA and protein (Mercer et aL 1991). 
Thus p53 appears to be both a positive and negative 
regulator of transcription. . 

One of the best-characterized features of p53 is its 
ability to interact with viral proteins. p53 has been 
shown to form complexes with the SV40 large T 
antigen (Lane & Crawford, 1979; Linzer & Leyine, 
1979), adenovirus type 5 E1B 58-kDa antigen in both 
transformed cells (Sarnow et aL 1982; Zantema et aL 
1985) and infected cells (Braithwaite et aL 1991a) and 
the E6 protein of human papillomavirus type 16 (HPV- 
16) (Werness et aL 1990). The functional significance 
of these interactions is unclear, but there is some 
evidence to suggest that binding of the viral proteins to 
p53 may inactivate p53 function. For example, binding 
of p53 to the E6 protein of HPV-16 causes a rapid 
degradation of p53 (Scheffner et aL 1990). 

Since p53 appears normally to function as a trans- 
criptional regulator, we have explored the possibility 
that one of the functions for the complexes formed 
between p53 and viral proteins may be to prevent p53 
affecting key viral and cellular genes that are essential 
to viral replication and/or transformation. Consistent 
with this idea, the adenovirus E1B protein is able to 
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prevent transcriptional activation by p53 (Yew & Berk, 

1992). 

Recent data have shown that p53 can bind to the 
SV40 virus enhancer 'promoter (Bargonetti et a/., 1991). 
Therefore, we examined the effect of p53 on transcrip- 
tion driven from the SV40 enhancer/promoter using a 
transient expression system in which a reporter plasmid 
containing the bacterial chloramphenicol acetyl trans- 
ferase (CAT) gene fused downstream of the SV40 
enhancer/promoter (pSV2CAT) was co-transfected 
with vectors expressing mouse p53. 

Under these conditions, we show that wt mouse p53 
is a potent down-regulator of the SV40 enhancer/ 
promoter and also of other viral enhancer/promoters. 
Mutations within p53 severely inhibited this down- 
regulation. In addition, using data from studies with 
our p53 mutants, we provide preliminary evidence that 
the N-terminal domain of p53 is essential for down- 
regulation. We also show that the effects of p53 on 
certain promoters may be cell type specific. 


Results 

Specific down-regulation of transcription from the SV40 
enhancer I promoter by mouse p53 

A number of reports have investigated the effect of pS3 
on transcription using a "fusion protein' approach in 
which fragments of p53 are fused to the DNA-binding 
domain of GAL4 yeast transcription factor (see Intro- 
duction). In particular, Raycroft et al. (1990) showed 
that a GAL4-p53 fusion protein is able to activate 
transcription from a reporter plasmid containing multi- 
ple copies of the GAL4 DNA-binding sequence up- 
stream of the SV40 promoter. We have been concerned 
that the data obtained from such "fusion protein' app- 
roaches has not always reflected the true biological 
function of proteins (see for example Braithwaite et a/., 
1991b). Therefore, to overcome any potential prob- 
lems, we have investigated the effect of p53 on trans- 
cription from the SV40 enhancer/promoter without 
GAL4 binding sites in a transient transfection system. 
In this system, the reporter plasmid contained the 
SV40 enhancer/promoter inserted upstream of the 
bacterial CAT gene (pSV2CAT; Gorman et al., 1982a). 
This plasmid was introduced into human HeLa cells, 
along with equal amounts of a plasmid expressing wt 
mouse p53 from the human cytomegalovirus (CMV) 
immediate-early promoter (pCMVNc9; Eliyahu et a!., 
1989). HeLa cells were chosen because they do not 
express endogenous p53 protein (Benchimol et al., 
1982), which might complicate interpretation of results. 

The absence of endogenous p53 protein in HeLa 
cells is probably due to the expression of E6 protein 
from human papillomavirus type 18 in these cells 
(Banks et aL, 1987), which is able to complex with and 
degrade human p53 protein (Scheffner et al., 1990). It 
is possible that in our studies the introduced mouse 
p53 might also be degraded. Therefore, in an initial 
experiment, we confirmed expression of intact mouse 
p53 in HeLa cells after transfection, by labelling cells 
with [ 33 S]methionine and immunoprecipitation of p53 
from cells lysates using PAb 122 (Gurney et al., 1980), 
a mouse p53 monoclonal antibody (Figure 1). 

We next examined the effect of wt mouse p53 on the 
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Figure 1 Expression of wt mouse p53 in transfected HeLa cells. 
HeLa cells were transfected with 20 fig of control plasmid (lanes 
1 and 2) or 10 fig each of control plasmid and pCMVNc9 (lanes 
3 and 4). After 72 h, cells were labelled for a further 2 h with 
[ 3S S]methionine and cell lysates prepared. Lysates were then 
immunoprecipitated with either normal mouse serum (lanes 2 and 
4) or PAb 122, a mouse-specific monoclonal antibody (lanes 1 
and 3), as described in Materials and methods. Positions of 
molecular weight markers are indicated 


SV40 enhancer/promoter. Three days after co-trans- 
fection of pSV2CAT with either a control plasmid 
' (pl9Kan; Pridmore, 1987) or pCMVNc9, cell extracts 
were prepared and assayed for CAT activity by the 
method of Sleigh (1986). Results presented in Figure 2a 
indicate that CAT activity driven from the SV40 
enhancer/promoter was mere than 50-fold lower in 
cells co-transfected with pCMVNc9 than in cells trans- 
fected with the control. This effect of p53 was shown 
to be specific by replacing pCMVNc9 with either 
pCMVR (a plasmid containing the CMV promoter but 
encoding no protein) or pCMVFraCOOH (expressing 
residues 136-275 of the Fra-1 transcription factor, a 
protein unrelated to p53; Ckhen et al., 1989). There 
was no significant effect on CAT expression from the 
SV40 promoter/enhancer in ceils co-transfected with 
either pCMVR or pCMVFraCOOH (Figure 2a). 

*By varying the amounts of pCMVNc9, we found a 
clear dose-deperident decline in SV40 enhancer/pro- 
moter activity with increasing amounts of plasmid exp- 
ressing wt p53 (Figure 2b). A 50% inhibition of CAT 
activity was observed at approximately 0.75 fig of 
pCMVNc9 plasmid DNA. 

In a separate set of experiments, we obtained similar, 
specific down-regulation of the SV40 enhancer/pro- 
moter in mouse L929 cells (fivefold reduction) and 
monkey CV1 cells (20-fold reduction), even though 
both cell lines express endogenous p53 (data not 
shown). 

Kinetics of transcriptional down-regulation by p53 

Overexpression of wt p53 has been shown to arrest 
cellular growth at a point near the G,/S phase bound- 
ary of the cell cycle (Diller et aL 1990; Mercer et aL 
1990; Michalovitz et aL, 1990; Martinez et aL, 1991). 
Even though we were assaying CAT activity in lysates 
derived from equal numbers of cells, we were con- 
cerned that the effect of p53 on expression from the 
SV40 enhancer/promoter might be due to a secondary 
effect of slowed cell growth. Therefore, we performed a 
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Figure 2 Specific down-regulation of the SV40 enhancer/ 
promoter by mouse p53 (a) HeLa cells were co-transfected with 
10 fig each of the indicated plasmids, as described in Materials 
and methods. pBglCAT is a control plasmid that lacks the SV40 
enhancer/promoter sequences upstream of the CAT gene (Gor- 
man el o/ M 1982a). pl9Kan is a non-specific control plasmid 
(Pridmore, 1987). After 72 h, eel! lysates were prepared, nor- 
malized for protein content (hence cell number) and used to 
determine CAT activity as described in Materials and methods. 
Data are presented as the means and standard deviations of three 
independent transfections, each assayed in duplicate, (b) HeLa 
cells were transfected with 10 fig of CAT reporter plasmid and 
increasing amounts of pCMVNc9 as indicated. In all cases, the 
total amount of DNA transfected was maintained at 20 fig by the 
addition of control plasmid. Data presented are the means with 
standard deviations of two independent transfections, each 
assayed in duplicate 


time-course experiment, in which cells were co- 
transfected with pSV2CAT and either a control plas- 
mid or pCMVNc9. The results presented in Figure 3 
show that in cells co-transfected with pSV2CAT and 


the control plasmid no CAT activity was detected 8 h 
after transfection. However, low levels of CAT activity 
were detected by 24 h after transfection, which in- 
creased to a maximum after 72 h. In cells transfected 
with pSV2CAT and pCMVNc9, inhibition of the low 
levels of CAT activity observed 24 h after transfection 
(97%) was as prominent as the inhibition of the high 
levels of CAT activity observed 72 h after transfection. 
At this time (24 h), we found no difference in cell 
number between samples containing control plasmid or 
pCMVNc9 (data not shown). Although not conclusive 
evidence, these results suggest that the effect of p53 on 
the SV40 enhancer/promoter is not due to slowed cell 
growth. 

p53 mutants have reduced ability to down-regulate 
transcription 

Recent reports have indicated that many p53 mutants 
have impaired ability to regulate either transcriptional 
activation (Raycroft et a/., 1990; 1991; Weintraub et 
aL 1991; Kern et a/., 1992; Unger et aL 1992) or 
repression (Santhanam et a/., 1991). We wanted to 
determine the effect of mutations within p53 on the 
ability of wt p53 to down-regulate transcription from 
the SV40 enhancer/promoter. Therefore, a number of 
plasmids that express mutant p53 proteins (Figure 4a) 
were co-transfected into HeLa cells along with 
pSV2CAT. The results presented in Figure 4b show 
that only pCMVNc9 and pCMVmsp53 were able to 
significantly reduce transcription from this promoter 
when compared with the control. The msp53 was, 
however, much less effective than wt p53, reducing 
activity only about fivefold. The ability of all other 
mutants, pCMVdl 163, pCMVdl518 and P CMVc5, was 
abrogated. 

To exclude the possibility that failure to down- 
regulate transcription was due to a failure of p53 exp- 
ression in the transfected cells, HeLa cells were 
separately transfected with all the p53 constructs and 
labelled with [ 35 S]methionine. Cell lysates were then 
immunoprecipitated with a monoclonal antibody spec- 
ific for P 53, PAb 122 (Gurney et at., 1980). The results 
(Figure 4c) show that all constructs expressed a p53 
protein of the expected size and that mutant proteins 
from pCMVdl 163, pCMVdl 518, and pCMVcS were 
all expressed at levels equivalent to or greater than 
pCMVNc9 Ganes 2, 3, 4 and 6). Thus, loss of down- 
regulation of pSV2CAT by these mutant p53 proteins 
cannot be explained by failure to express p53. Mutant 
msp53, however, was expressed at a much lower level 
than pCMVNc9 (lanes 2 and 5), suggesting that the 
reduced ability of this mutant to down-regulate trans- 
cription may at least in part be due to the reduced 
levels of protein expression. 

wt pS3 modulates the activity of other viral promoters 

p53 is able to complex with SV40 large T antigen, and 
we have shown in this report that mouse p53 is able to 
down-regulate expression from the SV40 enhancer/ 
promoter. However, we were also interested to deter- 
mine whether p53 is able to affect transcription from 
the promoters of viruses that do not express proteins 
that bind to p53. Therefore, reporter plasmids in which 
the bacterial CAT gene is fused upstream of the human 
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Figure 3 Kinetics of transcriptional repression by p53. HeLa cells were co-transfected with 10 pg of pBglCAT and 10 fig of control 
plasmid. pl9Kan (black bar), or 10 jig of pSV2CAT with either 10 Mg of control plasmid (hatched bar) or pCMVNc9 (stippled 
bar). At the indicated times after addition of DNA, cells were harvested and assayed for CAT activity as described in Materials 
and methods 


cytomegalovirus immediate-early promoter (pRcCMV- 
CAT) or the Rous sarcoma virus long terminal repeat 
(RSV-LTR) (pRSVCAT; Gorman et aL. 1982b) were 
co-transfected into HeLa cells with pCMVNc9. The 
data presented in Table 1 show that expression of p53 
resulted in down-regulation of CAT expression from 
both the CMV promoter (twofold) and RSV-LTR (16- 
fold), though the levels of down-regulation were less 
than those observed for the SV40 enhancer/promoter. 
In addition, to ensure that the effects seen with p53 on 
the CMV and RSV promoters were not due to com- 
petition between promoters for limiting transcription 
factors, we replaced the control plasmid, pl9Kan, with 
the plasmid pCMVR. We observed no reduction in 
activity obtained from these promoters (data not 
shown). These results demonstrate that down-reg- 
ulation by p53 is not unique to the SV40 virus 
enhancer/promoter. 

As a control for the effects of p53 expressed from 
pCMVNc9 on the viral promoters used in our system, 
we decided to analyse the effect of this p53 on the 
mouse muscle-specific creatine kinase (MCK) gene pro- 
moter. In monkey CV1 cells, this promoter has been 
shown to be activated by mouse p53 (Weintraub et a/., 
1991). More specifically, by using increasing amounts 
of MCK promoter sequence, this group showed that 
p53 is able to activate the MCK promoter 10- to 80- 
fold when a 500-bp fragment containing the putative 
4 p53-responsive element' is present, but some activation 
(two- to fivefold) was also observed in the absence of 
this 500-bp sequence. The following MCK gene pro- 
moter-CAT constructs (Weintraub et a/., 1991) were 


co-transfected into human HeLa cells, mouse L929 
cells or monkey CV1 cells along with equal amounts of 
either a control plasmid or pCMVNc9: p3300MCK- 
CAT (containing promoter sequences from - 3300 to 
+ 7), p2800MCKCAT (containing promoter sequences 
from - 2800 to + 7 and lacking the p53-responsive 
element) and pSOMCKCAT (containing promoter 
sequences from - 80 to + 7). The results presented in 
Table 2 show that in CV1 cells we obtained levels of 
activation from the MCK promoter by mouse p53 in 
the absence (sixfold) and presence (20-fold) of the 
putative p53-responsive element that are similar to 
those observed by Weintraub et al. (1991). Interest- 
ingly, in HeLa cells and L cells, in which the levels of 
expressed p53 were much higher than that observed in 
CV1 cells (data not shown), we. found that p53 caused 
no activation of the MCK promoter even when the 
p53-responsive element was present. Thus, some of the 
effects of p53 appear to be cell type specific. In addi- 
tion, we consistently found that in all three cell types 
tested, but most clearly in CV1 and HeLa cells, p53 
down-regulated the low levels of activity we obtained 
from the p80MCKCAT plasmid. 

Discussion 

In this report, we have shown that wt mouse p53 is 
able specifically to down-regulate expression from the 
SV40 enhancer/promoter and the promoters of other 
viruses. p53 can also suppress transcription from the 
promoters of several growth factor-responsive genes 
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Figure 4 Effect of deletions and point mutations in p53 on 
transcription from pSV2CAT. (a) Schematic illustration of p53 
mutants used. Hatched areas indicate deletions. Abbreviations for 
amino acid residues are: A, Ala; G, Gly; 1, lie; P. Pro; Q, Gin; R, 
Arg; S, Ser; and W, Trp. p53 mutants dl 163, dl 518, msp53 and 
c5 were all expressed from the human CMV enhancer/promoter 
in plasmids pCMVdll63, pCMVdl518, pCMVmsp53 (Jenkins et 
aL. 1985; Braithwaite et a/., 1987; Sturzbecher et a/., 1988) and 
pCMVc5 (Eliyahu et at., 1989) respectively, (b) HeLa cells were 
co-transfected with the 10 ug of CAT reporter plasmid and 10 «j 
of either control plasmid or plasmid expressing p53, and assayed 
for CAT activity as described in Materials and methods. Results 
presented are the means with standard deviations of three 
independent transfections, each assayed in duplicate, (c) Expres- 
sion of wild-type and mutant p53 proteins in transfected cells. 
HeLa cells were transfected with a control plasmid (lane 1) or 
plasmids expressing wt p53 (pCMVNc9) (lane 2), dl 163 
(pCMVdl!63) (lane 3), dl 518 (pCMVdl518) (lane 4), msp53 
(pCMVmsp53) (lane 5) or c5 (pCMVc5) (lane 6). After 72 h, 
transfected cells were labelled with ["SJmethionine for a further 
2 h; cell lysates were then prepared and immunoprecipitated with 
PAb 122, a mouse p53 monoclonal antibody, as described 
Materials and methods. Asterisks indicate the precipitated p53 
proteins. Positions of molecular weight markers are indicated 


Table 1 Regulation of transcriptional activii> 
promoters by wt mouse p53 


from different 


Relative CAT activity* 


CAT reporter plasmid 


Plasmids co -transfected with CAT reporter 

Effect 
ofpS3 


p 19 Kan pCMVNcQ 
(control) (wt p53) 


p sv;cat 

pRSVCAT 
pRcCMVCAT 


100 1.1 ±0.04 91 -fold reduction 
100 6.1 ± 5.8 16-fold reduction 
100 32.5 ±17.6 2-fold reduction 


•HeLa cells were transfected with 10 ug of each of the indicated 
plasmids and assayed for CAT activity, as described in Materials and 
methods. In each case, levels of CAT activity obtained from cells 
transfected with pRSVCAT and pRcCMVCAT were similar to those 
obtained with pSV2CAT. Results presented are the means and 
standard deviations of three independent transfections, each assayed 
in duplicate 


Table 2 Modulation of transcriptional activity from the mouse 
MCK gene promoter by wt mouse p53 


Relative CAT activity* 


Plasmids co-transfected with CAT reporter 


CAT reporter plasmid 

pl9Kan 
(control) 

pCMVNc9 
(wt p53) 

Effect 
of P 53 

CV1 cells 
pSOMCKCAT 
p2800MCKCAT 
p3300MCKCAT 

1.00 
1.00 
1.00 

0.2 ± 0.2 
6.3 ± 1.6 
19.3 ± 0.8 

5- fold reduction 

6- fold activation 
19-fold activation 

HeLa cells 
p80MCKCAT 
p2800MCKCAT 
p3300MCKCAT 

1.00 
1.00 
1.00 

0.1 ±0.1 
0.8 ± 0.6 
1.6 ±1.1 

10-fold reduction 
No effect 
No effect 

L929 cells 
p80MCKCAT 
p2800MCKCAT 
p3300MCKCAT 

1.00 
1.00 
1.00 

0.5 ± 0.3 
1.4 ±0.6 
2.8 ± 2.2 

No effect 
No effect 
3-fold activation 


•Cells were transfected with lOug of each of the indicated plasmids 
and assayed for CAT activity, as described in Materials and 
methods. Results presented are the means with standard deviations 
of two (CV1), three (L cells) and four (HeLa) independent 
transfections, each assayed in duplicate 


(Ginsberg et a/., 1991; Santhanam et a/., 1991), the 
retinoblastoma gene (Shiio et a/.. 1992) and die multi- 
drug resistance gene (Chin et a/., 1992). The mech- 
anism by which p53 down-regulates transcription is not 
clear. Recently, however, Shiio et a/. (1992) identified a 
short p53-responsive element in the retinoblastoma 
(Rb) gene promoter. This G(G/C)AA(G/C)TGA motif 
was required for specific down-regulation of the Rb 
promoter by p53. A similar sequence (GGAACTGU) 
is present in the SV40 enhancer/promoter ( + 57 to 
+ 64 of SV40 DNA) and is the centre of a domain to 
which both human and mouse p53 binds (Bargonetti et 
aL 1990- Although we have no direct evidence, we 
would suggest that transcription from the SV40 
enhancer/promoter is down-regulated by mouse p53 
through binding to this octamer sequence. 

Binding of p53 to a specific DNA sequence may be 
required for down-regulation of certain promoters, but 
there is also evidence to suggest that other mechanisms 
of down-regulation may be involved. Thus, p53 cannot 
bind DNA sequences from the promoters of growth 
factor-responsive genes (Santhanam et aL, 1991), and 
the p53-responsive element identified by Shiio et aL 
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(1992) is not present in the CMV and RSV-LTR pro- 
moters used in this study. It is also absent from both 
the published rat and human PCNA gene promoters 
(Travali et a/.. 1989; Ohashi et aL. 1992) even though 
mouse p53 is able to down-regulate expression from 
the PCNA promoter (P. Jackson, unpublished data). In 
the absence of DNA binding, the mechanism of trans- 
criptional repression is unclear. However, it is possible 
that p53 may act by interacting with one or more key 
transcription factors to prevent their binding to 
regulatory sequences. 

p53 has been shown to activate transcription from 
both artificial promoters (containing elements of the 
SV40 promoter and the adenovirus E1B TATA box) 
(Fields & Jang, 1990; O'Rourke et a/., 1990; Raycroft 
et aL, 1990) and natural promoters (Weintraub et aL, 
1991). Recently. DNA footprinting has revealed that 
human p53 can bind two fragments of DNA contain- 
ing a short, tandemly repeated sequence (Kern et aL, 
1991). When placed upstream of an artificial promoter, 
the sequence enabled p53-specific activation of that 
promoter (Kern et aL, 1992). This p53-responsive ele- 
ment is also present in the mouse muscle-specific 
creatine kinase gene promoter (MCK) and allows p53 
activation from this promoter (Weintraub et aL, 1991; 
this manuscript, Table 2). Interestingly, within each of 
the p53-binding fragments identified by Kern et al. 
(1991) are motifs similar to the consensus sequence 
identified by Shiio et al. (1992): GGAACTGT and 
GCAAGTC. The mechanism by which p53 can both 
activate and repress transcription from apparently 
similar sequences is not clear. Conceivably, p53 may 
act with similar factors for both activation and repres- 
sion. Consistent with this notion, the amino-terminal 
domain of p53 appears essential for both transcrip- 
tional activation and repression. For activation, bin- 
ding of p53 to the DNA through its specific element 
and to a particular factor(s) could promote binding of 
the transcription factor(s) to its regulatory element 
and/or alter the DNA conformation. In either case, the 
result is to activate a quiescent promoter. In contrast, 
in an active promoter, binding of p53 to its specific 
sequence may prevent binding of similar transcription 
Tactor(s), thereby inhibiting transcription. 

In an initial series of experiments, Weintraub et al. 
(1991) showed that, in all cell types tested, wt mouse 
p53 was able to activate transcription from the mouse 
MCK promoter. Thus, p53 was able to activate the 
MCK promoter by similar amounts in monkey CV1 
cells, human HepG2 cells and mouse CH3/10T| cells. 
In contrast, in our experiments with CV1 cells, mouse 
L929 and human HeLa cells the effects of p53 show 
some cell type specificity, since p53 was unable to 
significantly activate transcription from the MCK pro- 
moter in either L ceils or HeLa cells. These data would 
suggest that factors involved in transcriptional activa- 
tion by p53 are also cell type specific, thus depending 
on the context p53 may or may not activate particular 
genes. The effects of p53 may also be species specific, 
since human wt p53 is unable to activate the MCK 
promoter in CV1 cells (Weintraub et al., 1991) or 
down-regulate the SV40 enhancer/promoter in HeLa 
cells (Shiio et al., 1992). However, after having 
prepared this manuscript, Subler et al. (1992) reported 
that human wt p53 can down-regulate transcription 
from a number of viral and cellular promoters includ- 


ing the SV40 enhancer/promoter, CMV enhancer 
promoter and the RSV-LTR in NIH3T3 and VERO 
cells. Again, these data would argue that cell-specific 
factors are important for p53 function. 

A number of recent reports have shown that many 
p53 mutants have impaired ability to regulate either 
transcriptional activation (Raycroft et al.. 1990: 1991; 
Weintraub et al.. 1991; Kern et al., 1992; Unger et al.. 
1992) or repression (Santhanam et al.. 1991). Consis- 
tent with these observations, we have shown that 
mutations in most cases abrogate the ability of p53 to 
down-regulate transcription from the SV40 enhancer 
promoter (Figure 4a and b). The loss of function 
observed for the mutants used in this study was not 
due to a failure to express the particular mutant pro- 
tein (Figure 4c), though the reduced activity observed 
for pCMVmsp53 may well be explained by the fact 
that it was expressed at much lower levels than the wt 
p53. 

The fact that the p53 mutants pCMVc5 and 
pCMVdl 518 have severely reduced ability to down- 
regulate the SV40 enhancer/promoter might suggest 
that the sequences within these p53 proteins affected by 
their mutations (both in the central region of the p53 
protein) are important for the transcriptional down- 
regulation function of p53. However, it is also possible 
that these mutations alter the structure of the p53 
protein and affect the structure of the true functional 
domain, which lies elsewhere on the protein. Consistent 
with this idea, these two mutant proteins fail to react 
with the conformation-sensitive monoclonal antibody 
PAb 246, whose epitope lies in the amino-terminal 
region of p53 (Jenkins & Sturzbecher, 1988). Rather 
than identifying a possible functional domain in p53, 
the simplest interpretation of the data for pCMVc5 
and pCMVdl518 is that the mutants have adopted an 
overall unfavourable conformation for down-regula- 
tion. On the other hand,. pCMVdl 163 is in the wt 
conformation, as determined by its immunoreactivity 
with PAb 246 (Sturzbecher et aL, 1988), so the effect of 
the mutation in this p53 can be more clearly evaluated. 
pCMVdll63 almost fails to down-regulate the SV40 
enhancer/promoter. These data suggest that residues 
13-67 are important for the ability of mouse p53 to 
down-regulate the SV40 enhancer promoter. Similar 
results for pCMVdll63 were obtained in experiments 
with the CMV enhancer/promoter and the RSV-LTR 
(P. Jackson, unpublished data). Although a more 
extensive series of mutants needs to be investigated, 
our preliminary conclusion is that an N-terminal 
domain of p53 may contain sequences responsible for 
down-regulation of the SV40 and other viral enhancer 
promoters. Interestingly, this domain appears to be 
essential for transcriptional activation by p53 (Fields & 
Jang, 1990; Unger et aL, 1992) and is also the domain 
to which the adenovirus E1B 58-kDa protein binds 
(Braithwaite et aL 1991a). 

Recently, Yew & Berk (1992) reported that the 
adenovirus E1B 58-kDa protein can suppress p53- 
mediated activation of both an artificial promoter and 
the MCK promoter in BRK cells. This finding is con- 
sistent with the possibility that at least one of the 
functions for the interaction of viral proteins with p53 
may be to overcome transcriptional regulation by p53. 
Hence, it will be of interest to identify whether or not 
p53 can affect transcription from any adenovirus gen 
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remoter. Within the context of this report, it will also 
>e of importance to determine whether or not E1B 

I<-kDa can overcome the p53-mediaied down-regula- 
on of the SV40 enhancer promoter. 
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[laterials and methods 

•lis 


Human HeLa cells, mouse L929 cells and monkey CV1 cells 

I ere all routinely maintained in minimal essential medium 
libco BRL. Grand Island. NT. USA) containing 0.22% 
-odium bicarbonate and 10% heat-inactivated fetal calf 
*erum (FCS). 
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Hasmids 

Masmids pSV2CAT expressing the bacterial CAT gene from 

»e SV40 early enhancer/ promoter (Gorman et al r 1982a) 
id pBglCAT, a promoterless CAT plasmid (previously 
ailed pSVO. Gorman et aL. 1982a). were both generous gifts 
rom M. Sleigh (CSIRO, North Ryde, Australia). 
M Plasmid pCMVR, containing the human CMV immediate- 
Barly promoter but encoding no protein, and plasmid 
^CMVFra-COOH, encoding residues 136-275 of the Fra-1 
protein expressed from the CMV immediate-early promoter 
agZohen et aL, 1989), were gifts from D. Cohen (John Curtin 
Hchool of Medical Research, Canberra, Australia). 
• Plasmids pCMVNc9 (Eliyahu *y aL 1989) encoding wild- 
ype murine p53 and pCMVcS (Eliyahu et aL, 1989) express- 
■fg murine p53 cDNA containing point mutations affecting 
Hnino acid residues 168 (R to G) and 234 (S to I) both 
■kpressed from the human CMV immediate-early promoter 
vere obtained from M. Oren (Weizmann Institute, Rehovot, 
^rael). 

■ Plasmid pRSVCAT expressing the CAT gene from the 
£ous sarcoma virus 3' LTR (Gorman et aL, 1982b) was 

>btained from B. van Leeuwen (John Curtin School of 

I Medical Research, Australia). 
I The non-specific control plasmid pl9Kan, a derivative of 
|UC19 in which the bacterial ampicillin resistance gene is 
eplaced by a bacterial kanamycin resistance gene (Pridmore, 
!987). was obtained from D. Pridmore, (Ciba-Geigy, Basle, 

tdtzerland). 
Plasmids encoding a mutant p53 lacking amino acid 
,«idues 148-165 (pCMVdl 518), lacking residues 13-67 
?pCMVdlI63) and with point mutations at residues 45 (R to 

K, 76 (P to Q) and 78 (A to W) (pCMVmsp53JJ) (Jenkins et 
1985; Braithwaite et aL, 1987; Sturzbecher et al. % 1988), 
1 expressed from the human CMV immediate-early pro- 
•noter. were obtained from J. Jenkins (Marie Curie Research 
institute, Oxted, UK). 

■ Plasmid pRcCMVCAT, expressing the bacterial CAT gene 
•om the human CMV immediate-early promoter, was 

obtained from R. Reddel (Children's Medical Research 
foundation, Sydney, Australia). 

■ Plasmids containing sequences from the mouse-specific 
Creatine kinase (MCK) gene promoter fused to the bacterial 

TAT gene, p3300MCKCAT. p28O0MCKCAT and p80- 
V1CKCAT (Weintraub et a/., 1991). were gifts from S. Haus- 
■hka (University of Washington, Seattle. WA, USA). 
J| All plasmid DNA preparations for transfection were 
. rturified by caesium chloride equilibrium density centrifuga- 
ton essentially as described in Sambrook et aL (1989). 
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f rans feaion and assay of chloramphenicol acetyl transferase 
CAT, activity 

I ells were transfected with 10 fig of CAT reporter plasmid 
nd 10 jig of either a control plasmid or p53 expression 
lasmid. essentially as described bv Chen & Okavama (1987). 


Briefly. 5 x 10' cells were seeded into 10-cm Petri dishes and 
incubated overnight in 10 ml of growth medium. Plasmid 
DNA was then mixed with 0.5 ml of 0.25 M calcium chloride 
and 0.5 ml of 2 x BBS (50 mM BES pH 6.95. 280 mM sodium 
chloride. 1.5 mM disodium hydrogen phosphate) and the mix- 
ture incubated for 20 min at room temperature. The DNA 
solution was then added to the cells, dishes were gently 
swirled and incubated overnight in 3% carbon dioxide, at 
35"C. The medium was removed, cells were washed twice in 
growth medium, refed and incubation continued for a further 
48 h at 5°>o carbon dioxide. 37'C. until harvested. 

The level of CAT activity in transfected cell lysates was 
determined essentially as described by Sleigh (1986). Each 
dish of transfected cells was washed twice in ice-cold 
phosphate-buffered saline (PBS). Cells were harvested by 
scraping into 1 ml of ice-cold PBS. pelleted and finally 
resuspended in 200 p] of 0.25 M Tris-Cl pH 7.8. Extracts of 
transfected cells were then prepared by three rounds of freez- 
ing (dry ice, 6 min) and thawing (37*C, 3 min). Cell suspen- 
sions were vortexed thoroughly before each freezing step. 
Cell debris was removed by centrifugation for 15 min at 
1 2 000 £ and 4'C. The supernatant was then heated to 65°C 
for 10 min to inactivate a CAT inhibitor previouslv identified 
by Sleigh (1986). 

To enable addition of lysates from equal numbers of cells 
from different samples into the CAT assay, the protein con- 
tent in each cell extract was estimated by measurement of the 
absorbance at 280 nm. 

CAT activity in cell lysates was assayed by measuring the 
transfer of [ M CJacetyl groups from [ ,4 C]acetyl CoA into 
chloramphenicol as follows. Reaction mixtures contained cell 
lysate from transfected cells (normally approximately 30 pi), 
20jxl of 8mM chloramphenicol, 20 Ml of diluted [ ,4 C]acetyl 
CoA (60mCimmor I , Amersham). Prior to use, 0.5 pCi 
(10 pi) of [ ,4 C]acetyl CoA was diluted 10-fold with cold acetyl 
CoA (0.5 mM in 0.25 M Tris-Cl pH 7.5) and 0.25 M Tris-Cl 
pH 7.5 to a total volume of 100 pi. In each assay, volumes of 
cell lysate and 0.25 m Tris-Cl pH 7.5 were adjusted to 
account for differences in protein content so that the CAT 
activity was determined from equal numbers of cells from 
different samples. Reactions were allowed to proceed for 2 h 
at 37 # C. Labelled products were then extracted into 2 x 10/iI 
of ice-cold ethyl acetate. Layers were vigorously mixed and 
separated by centrifugation at 12 000^ for 3 min. After each 
extraction, the organic phase containing the labelled products 
was removed. To ensure no transfer of labelled substrate into 
the organic phase, a final back-extraction was performed on 
the combined organic phase with lOOjil of 0.25 m Tris-Cl 
pH 7.5. After vigorous mixing and centrifugation at 12 000 g, 
lOOul of the organic phase was placed into 5-ml polyethylene 
vials, 4 ml of ReadySafe" Scintillation Cocktail was added 
(Beckman Instruments, CA, USA) and the radioactivity 
determined by scintillation counting. In all experiments, 
radioactivity was measured as counts per min (c.p.m.) 
obtained from 5 min of counting. 


Immunoprecipitations 

Petri dish cultures of transfected cells washed twice with PBS 
were incubated at 37*C, 5% carbon dioxide, in 2 ml of 
methionine-free minimal essential medium (Flow Labora- 
tories, Irvine. UK) containing 1% L-glutamine and 2% FCS. 
After 30 min. the medium was removed, fresh methionine-free 
medium added and the incubation continued for a further 
30 min. This medium was then removed, and the cells 
incubated in 2 ml of fresh methionine-free medium contain- 
ing lOOMCiml-' 35 S-Translabel (1 192 Ci mmol"', JCN Bio- 
medicals. Irvine. CA. USA) for 2 h at 37T, 5% carbon 
dioxide. 

After removing the labelling medium and washing twice 
with ice-cold PBS, cells were lysed in 1 ml of RIPA buffer 
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(10 mM Tris-Cl pH8.0, 150 mM sodium chloride. ImM 
EDTA. 1% NP-40. 0.1% SDS, 30ugml-' aprotonin). After 
20min. lysates were precieared at 120 000 $ for 20 min. 
Immunoprecipitations were then carried out using protein 
A-Sepharose as described in Zhang et al. (1990). Pre- 
cipitated proteins were analysed by SDS-polyacrvlamide gel 
electrophoresis (SDS-PAGE) and fluorography. ' 

Antibodies 

p53 proteins were immunoprecipitated from transfected cells 
with the monoclonal antibody PAb 122 (Gurney et al.. 1980). 
Normal mouse serum (NMS) was prepared from mice bred 


at the John Curtin School of Medical Research under specif 
pathogen-free conditions. 
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There is now much evidence to suggest that the p53 
tumour suppressor protein functions to monitor the 
integrity of the genome. When DNA damage is detected, 
p53 suppresses cell growth to allow repair or directs the 
cell into apoptosis. The mechanism of action of p53 is as 
yet unclear but recent evidence has accumulated to 
suggest that p53 might act by regulating gene expression. 
Consistent with this model, p53 can both activate and 
repress a number of viral and cellular promoters. p53 has 
also been shown to bind to the CCAAT-binding Factor 
and TATA-binding protein (TBP), and there is direct 
evidence that p53 represses in vitro transcription by 
preventing TBP from binding DNA. We now provide 
evidence that p53 can repress transcription from the 
SV40 promoter by disrupting DNA/protein complexes 
involving transcription factor Spl. 

Keywords: p53/SV40/gene repression 


Introduction 

The p53 tumour suppressor gene encodes a nuclear 
phosphoprotein that appears to be functionally 
inactivated in an extraordinarily wide range of cancers 
(Hollstein et aL 1991). The most frequent form of this 
inactivation is mutation which results in altered 
conformation of the p53 protein (Levine el aL, 1991). 
In fact, most mutations occurring in tumours result in 
the protein adopting a new and common 'mutant' 
conformation (Gannon et aL, 1990). An alternative 
form of inactivation occurs when p53 forms stable 
complexes with other proteins such as that which 
occurs in some cervical carcinomas (Vousden, 1993). In 
these .cases, p53 remains wild type (wt) but is 
inactivated by binding to the E6 protein of oncogenic 
human papilloma viruses (SchefTner et aL, 1990; 
Vousden, 1993). The inactivation of p53 function is 
so widespread that it is now regarded as a hallmark of 
human malignancy. 

The current and most powerful model of wt p53 
function is one in which p53 monitors the genome for 
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DNA damage (Lane. 1992). If damage is detected, p53 
slows cell growth (Baker et aL, 1990; Kuerbitz et aL. 
1992) and activates DNA repair processes. In cancers, 
this monitoring process does not occur due to p53 
inactivation. Thus, cells can continue to divide with 
damaged chromosomes. There is also evidence that in 
certain cell types p53 can cause apoptosis or 
programmed cell death in response to DNA damage 
caused by chemical agents and radiation (Clarke et aL, 
1993; Lowe et aL, 1993). 

There is now a considerable body of evidence that 
p53 can act as a transcription factor, which provides 
the basis fpr a potential mechanism by which p53 can 
inhibit cell growth (El-Deiry et aL, 1993) and possibly 
apoptosis (Shen and Shenk, 1994). In this regard, p53 
has been shown to both activate and repress a large 
number of viral and cellular promoters in reporter 
molecule assays (Ginsberg et aL, 1991; Santhanum et 
aL, 1991; Chin et aL, 1992; Kley et aL, 1992; Shiio et 
aL, 1992; Subler et aL, 1992; Agoffe; aL, 1993; Jackson 
et aL, 1993, 1994; Ueba et aL, 1994; Miyashita et aL, 
1994). Importantly, expression of the negative regu- 
lator of cell cycle progression, WAF1/CIP1 (El-Deiry 
et aL. 1993; Harper et aL, 1993), is activated by p53. 

Although the molecular basis of transcriptional 
regulation by p53 is not yet fully understood, the 
pattern of results from many studies has indicated 
that activation of promoters requires p53 binding to 
specific DNA sequences. In contrast, repression of 
transcription appears to occur in the absence of p53 
binding to DNA (see above references). Consistent 
with this idea, in vitro studies have demonstrated that 
wt p53 binds directly to the CCAAT-binding Factor 
(CBF; AgofT et aL, 1993) and TATA-binding protein 
(TBP; Seto et aL, 1992; Truant et aL, 1993) suggesting 
that p53 might repress transcription by interacting 
with these and possibly other transcription factors to 
prevent their binding to promoters. Indeed, this has 
been demonstrated directly in experiments where 
purified p53 was shown to prevent TBP from binding 
to its site in the c-mvc promoter (Ragimov et aL, 
1993). 

In this paper, using the SV40 early enhancer/ 
promoter as a model, we provide evidence that p53 
prevents the formation of DNA/protein complexes 
involving transcription factors Spl, AP-2 and TBP. 
Specifically, our data demonstrate that p53 can repress 
transcription by directly preventing the Spl transcrip- 
tion factor from binding to its target site within the 
SV40 promoter. 
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Results 

Location of a p53-responsive element within the SV40 
promoter 

To identify a region within the SV40 promoter that is 
essential for p53 repression, we investigated the effect 
of p53 on the intact SV40 enhancer/promoter and on 
two promoter deletion constructs linked to the CAT 
reporter gene (Figure 1). Experiments were carried out 
by transfecting a number of different cell types with 
control and p53 expression plasmids along with 
appropriate reporter constructs. Qualitatively similar 
results were obtained in all cases. Thus the data 
obtained for HeLa cells only is shown in the following 
experiments. 

As previously reported (Jackson et a/., 1993), activity 
from the intact SV40 enhancer/promoter was 20-fold 
lower in cells co-transfected with CMV Nc9 (expressing 
wt mouse p53) than in cells transfected with a control 
plasmid (CMV neo) or with a plasmid expressing a p53 
mutant (CMV dl 163) (Table 1) which lacks part of the 
N-terminal transactivation domain. Expression of this 
mutant p53 construct has been examined many times in 
different cell types including HeLa, COS and rat 
embryo fibroblasts. In all cases the detectable p53 
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Figure I Map of SV40 promoter/ reporter constructs used in 
chloramphenicol acetyl transferase (CAT) assays. Numbers refer 
to the nucleotide position on the SV40 DNA early strand as 
previously defined (Tooze, 1980). CAT activity data obtained 
using these constructs is illustrated in Table I 


protein levels arc at least comparable to those of a wt 
p53 expression construct. Examples of such data as 
determined by immunoprecipitation and immunoblot- 
ting have already been reported (Sturzbecher et a/., 
1988b; Jackson et <//.. 1993). Thus, the failure to repress 
transcription by dl 163 is not due to insufficient 
protein, but due to a specific defect in the protein. 
Furthermore, wt but not mutant p53. also repressed 
transcription from each of the SV40 promoter deletion 
constructs (Table I). We conclude from these experi- 
ments that wt mouse p53 specifically represses the SV40 
promoter and that since the minimum region of 
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Figure 2 Wild type but not mutant mouse p53 inhibits DNA/ 
protein complex formation. Nuclear extracts from HeLa cells 
transfected with CMV neo. CMV Nc9 or CMV dl 163 were 
incubated with 32 P-labeIIed oligo R (see below). This sequence 
contains a region sensitive to repression by wt mouse p53 (see 
Table I). Binding reactions contained cither no competitor, a 20- 
fotd excess of unlabeled oligo R. or an un labelled non-specific 
oligomer. Protein. DNA complexes were resolved on a 5% 
polyacrylamide gel and the positions of the specific oligo R/ 
protein complexes and unbound probe are indicated with arrows 


Table t Down-regulation of transcriptional activity from elements of the SV40 promoter b> ut but not mutant 

mouse p53 


Plasmids used in co-transfection 

No of experiments 

Relative activity (ns.d.i 

•htld effect uf p5S 

pSV2 CAT + CMV neo 

7 

100 


pSV2 CAT + CMV Nc9 

7 

4.7 ±5.1 

2n-i old repression 

pSV2 CAT + CMV dl 163 

1 

140 

no repression 

pEnhancer CAT + CMV neo 

8 

100 

p Enhancer CAT + CMV Nc9 

3 

14.2 ±11.4 

sevenfold repression 

pEnhancer CAT + CMVdl 163 

2 

194 

no repression 

pPromoter CAT + CMV neo 

6 

100 

pPromoicr CAT + CMV Nc9 

6 

6.4 ±3.3 

l"-tokl repression 

pPromoter CAT + CMVdl 163 

i 

109 

no repression 


Results of CAT analysis from cells transfected with SV40 promoter/reporter plasnmU i-ee I- inure I » and either a 
control plasmid (CMV neo). CMV Nc9 (expressing wild type mouse p53) or CMV dl \u \ (expressing a p53 deletion 
mutant lacking residues 14-66). Data represented are the mean with standard deuaiioiiN .>i >e\eral experiments 
except for SV2CAT + CMV dl 163 which is the result of a single experiment since we ii.ue ihv.uK reported thai 
CMV dl 163 fails to down-regulate the SV40 enhancer/promoter (Jackson et at.. I'"» -» 
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Figure 3 Multiple transcription factors bind to the R sequence of SV40 DNA but hot p53. (a) The sequence of SV40 DNA from 
-r 29 to + 124 (R sequence) with binding sites of transcription factors AP-1, AP-2 and Spl indicated. The boxed region indicates the 
putative p53 binding site reported by Bargonetti et al (1991); (b) Spl but not endogenous HeLa cell p53 can bind to oligo R. 
Control HeLa cell extracts were incubated with 32 P-labelled oligo R with and without an excess of different competitor oligomers. 
There was a 50-fold excess of oligo R and Spl and a 200-fold excess of the p53 consensus oligomer (Kern er^aL 1991); (c) 
Endogenous HeLa p53 can bind a p53 consensus oligomer. Control HeLa cell extracts were incubated with a "P-labelled p53 
oligomer in the absence or presence of a 50-fold excess of specific competitor, and in one instance in the presence of 500 ng of the 
p53 reactive antibody PAb 421 (Harlow et aL, 1981). Specific protein/DNA complexes were resolved on a 5% polyacrylamide gel 
and the positions of bound and free probe are indicated 


overlap within the promoter deletion constructs is + 37 
to +130 (numbering from Tooze, 1980) (Figure 1), this 
region must contain a DNA sequence sufficient for 
p53-mediated repression. 

Mouse p53 inhibits protein factors binding to the p53- 
response element 

Since a number of transcription factors are predicted to 
bind to the region H-37 to +130 within the SV40 
promoter (Figure 3a), repression of the promoter might 


be due to p53 interfering with the binding of such 
factors to this DNA sequence. Such a mechanism has 
been reported to explain the repression of the c-myc 
promoter by p53 (Ragimov et al., 1993). This 
interference could occur by direct interaction with 
transcription factors or by competition for DNA 
binding sites. To investigate these possibilities, the 
sequence +29 to +124 (defined as sequence R; see 
Figure 3a) was amplified by the polymerase chain 
reaction (PCR) and then used in gel mobility shift 
assays. Nuclear extracts were prepared from HeLa cells 
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separately transfectcd with CMV neo, CMV Nc9 
expressing wt mouse p53, or CMV dl 163 encoding 
the mutant p53 which failed to repress the SV40 
promoter in the above reporter assays (Table I). 

Results (Figure- 2) showed there to be a broadly 
migrating R sequence/protein complex present in 
extracts of cells transfected with CMV neo and CMV 
dl 163, suggesting that the complex is composed of 
multiple protein factors. However, this complex was 
barely detectable in extracts of cells transfected with 
CMV Nc9 (Figure 2). These data imply that wt mouse 
p53 in some way prevents the formation of protein/ 
DNA complexes involving the R sequence. This result 
was reproducible using several different preparations of 
p53-containing nuclear extracts although the degree of 
complex inhibition varied between different prepara- 
tions, presumably due to differences in transfection 
efficiency. Interestingly, we did not detect binding of 
p53 to the R sequence in this or other experiments, 
despite a report that both mouse and human 
recombinant p53 bind a site within the R sequence 
(Bargonetti et a/., 1991). This is explored in more detail 
below. 

Multiple trancription factors but not p53 bind to the p53- 
response element 

The sequence of the p53-responsive region from +37 
to +130 included in the R sequence (Figure 3a) 
contains consensus AP-1 and Spl transcription factor 
binding sites (Dynan and Tjian, 1983; Chiu et ai, 
1987), several low affinity AP-2 binding sites (Mitchell 
et a/., 1987) and a putative p53-binding site (Bargonetti 
et aL, 1991), but is upstream of a T-rich TATA-like 
sequence (Pauly et a/., 1992). Thus, given the data in 
Figure 2, a likely mechanism to account for the 
observed repression of the SV40 enhancer/promoter is 
that p53„ binds to one or more of the above 
transcription factors and prevents binding to their 
target sites within the promoter. Since p53 can form 
self oligomers (Sturzbecher et ai, 1992), the transfected 
mouse p53 might be binding the endogenous p53 and 
disrupting or preventing assembly of the appropriate 
transcriptional initiation complex on the promoter. To 
determine if this was a possible mechanism, we took 
advantage of previous observations that He La cells 
express a low level of wt p53 protein, [unpublished 
data, Lehman et ai (1991) for sequence] which is 
capable of binding a p53 consensus oligomer (Hoppe- 
Seyler and Butz, 1993; Jackson et a/., 1995), to ask 
whether p53 can bind the R sequence under our 
conditions. 

Competition gel shift experiments were performed 
using oligomers corresponding to consensus binding 
sites for p53 and Spl and using control HeLa cell 
extracts. Results (Figure 3b) showed that a p53 
consensus oligomer, surprisingly, caused no reduction 
in R sequence/protein complex whereas self and Spl 
oligomers caused near complete loss of complex 
(Figure 3b). These data indicate that Spl is bound to 
the R sequence but that p53 is not. Other competition 
studies indicated that AP-l and AP-2 are also present 
in the R sequence complex as expected from the 
sequence (data not shown). 

Since these competition experiments indicated that 
p53 was not bound to the R sequence, a p53 consensus 


oligomer was radiolabelled and used as a probe in a gel 
shift experiment to determine whether our conditions 
allowed DNA binding by p53. Results (Figure 3c) 
showed there to be clear p53 binding activity which is 
able to be 'super shifted" with the p53 specific 
monoclonal antibody PAb 421 (Harlow et aL 1981). 
Similar results have been obtained with nuclear 
extracts of mouse cells (data not shown). Thus, the 
nuclear extracts we have used do contain p53 proteins 
capable of binding a consensus p53 site under our 
binding conditions, but which are not capable of 
binding the R sequence. 

These data suggest that either (1) the R sequence is 
defective for p53 binding, (2) only recombinant p53 
can bind within the R sequence, or (3) the binding of 
other transcription factors prevents p53 binding. The 
first possibility is unlikely to be correct because 
sequencing the amplified R fragment showed the 
sequence to be correct. It therefore seems likely that 
p53 fails to bind its putative site within the R sequence 
because other factors in some way interfere with its 
binding. This could occur by a combination of steric 
effects and by p53 being already bound to protein 
factors present in the extract. Presumably, the 
transfected mouse p53 also does not bind DNA 
(Figure 2) because it associates with protein factors 
in the extract, titrating out both its own DNA binding 
and that of other transcription factors. Significantly, 
the failure of p53 to bind to its site within the R 
sequence would be expected because p53 represses 
transcription from this promoter, whereas it is usual to 
obtain transactivation when p53 binds DNA (reviewed 
in Donehower and Bradley, 1993). 

p53 prevents TBP, Spl. AP-2 but not AP-1 from binding 
DNA 

To investigate which of the above transcription factors 
other than endogenous p53 might be the target for wt 
mouse p53, consensus oligomers corresponding to the 
binding sites for each of the above transcription factors 
were used in gel mobility shift assays. Again, these 
experiments were carried out using extracts of HeLa 
cells transfected with CMV neo (conrol), CMV Nc9 
and CMV dl 163. 

The first set of experiments was carried out with the 
consensus oligomer for TBP because p53 has been 
reported to prevent TBP binding its DNA motif 
(Ragimov et a/., 1993). Results in Figure 4a showed 
a major and a minor protein/DNA complex present in 
extracts of cells transfected with control and mutant 
p53 plasmids. Both complexes were substantially 
reduced in extracts containing wt mouse p53. This 
result therefore confirms the previous report that 
mouse p53 can prevent formation of a TBP/DNA 
complex. 

When a similar experiment was carried-out with a 
consensus oligomer for transciption factor AP-1 
(Figure 4b), a single retarded DNA. protein complex 
was evident in all three extracts. Thus, unlike the 
results with TBP, the data with the AP-l consensus 
oligomer suggest that mouse p53 cannot prevent 
formation of AP-l /DNA complexes. This result has 
been confirmed in mixing studies using in vitro 
translated p53 and AP-1 proteins (unpublished 
observations). 
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Figure 4 Wild type p53 inhibits protein/DNA complex formation involving AP-2. Spl and TBP. Nuclear extracts from transfecied 
cells were mixed with 32 P-Iabelled oligomers corresponding to the binding sites for transcription factors TBP (a), AP-1, (b), Spl (c) 
and AP-2 (d). Binding reactions contained no specific competitor or a 36-fold (AP-1), 25-fold (Spl), 36-fold (TBP) or lOXWoId (AP- 
2) excess of the same unlabel led oligomer (tracks indicated by an asterisk). Specific protein/DNA complexes were resolved on a 5% 
polyacrylamide gel. Although not shown here, for all studies, irrelevant control oligonucleotide competitors have been used to 
validate the specificity of the binding reactions 
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Consensus oligomers for the binding sites for Spl 
were also used in gel mobility shift assays with 
transfected cell extracts. For Spl. wt mouse p53 
containing extracts showed considerably reduced 
binding compared to control or mutant p53 trans- 
fected extracts (Figure 4c). similar to the findings with 
the TBP binding site. 

However, in a similar experiment with the AP-2 
consensus site, whilst wt p53 completely abolished 
binding compared with control extracts, mutant dl 163 
containing extracts also caused a substantial inhibition 
of binding (Figure 4d). This result suggests that p53 
interacts with AP-2 in a different way from TBP and Spl . 


Labelled 
Oligonucleotide 

Human p53 
added (ug) 

Purified Sp 1 
added (#) 

Competitor 
oligonucleotide 


Sp1/DNA 
complex 


Sp1 


Probe 


Labelled 
Oligonucleotide 

Recombinant 
protein added 

Purified Spl 
added 



Spl 

SRY(ug) p53(ug) 
0.5 0.1 0.02 1.0 2.0 0.04 

1 fpu (Promega) 


SpVDNA 
complex 


These data suegest that wt p53 can inhibit the 
binding of Spl. AP-2 and TBP but not AP-1 to their 
respective DNA binding sites. In addition, mutant p53 
dl 163, also appears to inhibit AP-2 binding but is 
unable to inhibit the binding of any of the other 
transcription factors. 

p53 directly inteferes with Spl but not AP-2 binding 

The results of experiments shown above suggest that 
p53 directly interferes with the binding of certain 
transcription factors to the SV40 promoter thereby 
causing repression of transcription. However, the data 
do not exclude the possibility that p53 induces 
expression of some intermediate protein which is 
responsible for interference with transcription factor 
binding. As the minimum response sequence (R 
sequence. Figure 3a) does not contain a TBP binding 
site and p53 is unable to inhibit AP-1 binding, only 
studies of Spl and AP-2 binding were expanded upon. 
To distinguish between the possibilities that p53 may 
interact directly with these transcription factors, or 
may act through another factor, gel mobility shift 
experiments were set up using purified recombinant 
human Spl, AP-2 and p53 proteins. In this instance, 
human wt p53 was used instead of mouse p53 which 
was used in the transfection experiments. Importantly, 
however, CAT assays have shown that human p53 
expressing constructs also repress transcription from 
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Figure 5 Recombinant p53 prevents Spl but not AP-2 binding 
DNA. Binding of purified Spl (I foot printing unit (fpu), 
Promega) to its DNA consensus sequence was measured in the 
presence of increasing amounts of recombinant human p53 (a.b) 
or the sex-determining factor SRY (b). Binding of purified AP-2 
(I fpu. Promega) was also measured in the presence of increasing 
amounts of recombinant human p53 (c). Specific competitor was 
again present in tracks marked by an asterisk. Purified proteins 
were incubated in the presence of 0.05 ug of the synthetic polymer 
rHitv(dl-dC).pol><dl-dC) 


"the SV40 promoter although less potenll> (dam not 
shown). 

Consistent with our findings using iransfecied cell 
extracts, the results of gel shift experiments showed 
that recombinant wt human p53 interfered with the 
binding of purified Spl to its binding site in a dose 
dependent manner (Figure 5a and b). However, over 
the same molar concentration range, the HMG box 
binding protein SRY (sex-determining factor), which 
has transcriptional regulatory properties (Cohen et a/., 
1994). did not prevent Spl from binding DNA (Figure 
5b). These data strongly suggest that p53 and not some 
intermediate, is directly and specifically responsible for 
preventing Spl from binding DNA. Although quanti- 
tatively more recombinant p53 is used in these 
experiments than is present in the nuclear extracts 
used in Figure 4. there is sufficient p53 in the extracts 
to prevent the same amount of recombinant Spl 
binding DNA (data not shown) as was used in Figure 
5. The reason for the quantitative difference is most 
likely because recombinant p53 is not as potent as 
cellular p53. 

When similar experiments were carried-out with 
recombinant AP-2, its binding was not prevented by 
addition of recombinant p53 protein to the binding 
reaction (Figure 5c). This suggests that p53 is probably 
not directly * responsible for interfering with AP-2 
binding. 


Discussion 

Experiments reported in this paper have investigated a 
possible mechanism for transcriptional repression 
mediated by p53 using the SV40 enhancer/promoter 
as a simple and well-defined model. With the use of 
promoter/reporter constructs (Figure 1) we identified a 
region of 93 bp. from +37 to + 130, which contains a 
DNA element sufficient for p53-mediated repression 
(Table 1). A PCR generated DNA fragment encom- 
passing most of this region (R sequence, Figure 3a) 
was then used in gel mobility shift assays using nuclear 
extracts from HeLa cells transfected with CMV neo, 
CMV Nc9 expressing wt mouse p53 and CMV dl 163 
expressing a mutant p53 which fails to repress the 
SV40 reporter constructs (Table 1). Control and 
mutant p53 containing extracts showed a broadly 
migrating R sequence/protein complex (suggesting the 
presence of multiple transcription factors) which was 
essentially absent from extracts containing wt mouse 
p53 (Figure 2). 

These two sets of data, combined with the 
observations that the R sequence contains binding 
sites for several transcription factors (Figure 3a) 
suggested that p53 represses the SV40 promoter by 
interfering with transcription factors binding to 
promoter elements within this sequence. Competition 
gel shift experiments using oligomers corresponding to 
the consensus binding sites for all the predicted 
transcription factors, showed that Spl, AP-1 and AP- 
2 were bound to the R sequence, but p53 was not 
(Figure 3b), despite the fact that the extracts did 
contain p53 proteins competent to bind a p53 
consensus site under our conditions (Figure 3c). 
Thus, it seemed likely that the other transcription 
factors were in some way preventing the binding of p53 


to n> site in the R sequence by steric interference and 
or by direct binding of p5.v These other transcription 
factors thus seemed likely targets for the introduced 
mouse p53 and again probably account for the failure 
of the transfected p53 to bind the R sequence. 

The possibility that mouse p53 targets one of these 
other factors was tested using gel shift experiments 
with transfected cell extracts and , radiolabeled 
oligomers corresponding to the binding sites for TBP, 
Spl, AP-1 and AP-2. The results from these 
experiments showed that wt p53 containing extracts 
inhibited binding of all these transcription factors with 
the exception of AP-1 (Figure 4a-d). 

These data therefore suggest that repression of the 
SV40 enhancer/promoter is due to interference by wt 
p53 in transcription complex formation involving the 
DNA sequence +37 to +130 and at least one of the 
transcription factors AP-2 or Spl (there is no TBP site 
within our defined region of +37 to +130). Spl would 
seem to be the more likely candidate as its DNA 
binding is prevented by wt p53 containing extracts 
(Figure 4c), but not by extracts containing the mutant 
p53 (Figure 4c) which fails to repress the SV40 
promoter (Figure 1). In addition, p53 appears to 
directly interfere with Spl binding as indicated from 
studies with purified proteins (Figure 5a and b). AP-2 
could also be a candidate as it too is prevented from 
binding to its site by wt p53 (Figure 4d). However, the 
fact that the mutant which does not repress the SV40 
promoter, does prevent AP-2 binding, suggests that 
loss of AP-2 binding does not compromise promoter 
activity. Thus, given the above considerations, the 
simplest explanation of our data is that p53 represses 
transcription from the SV40 promoter by binding Spl 
and preventing it from binding DNA. Consistent with 
this interpretation, Spl binding has been shown to be 
critical for activity of the SV40 promoter (Dynan and 
Tjian, 1983) and also has been found to coimmuno- 
precipitate with p53 (Borellini and Glazer, 1993) 
indicating the two proteins can form a complex. 

The observation that the R sequence complex is 
completely absent from wt p53 containing extracts 
(Figure 2) even though only Spl appears to be 
targeted by p53 is paradoxical. A possible explana- 
tion for this, is that Spl is the 'keystone' of the 
complex so that if this factor is lost, the complex is 
completely disrupted. This explanation is consistent 
with the competition experiments in which an Spl 
oligomer caused near complete loss of R sequence 
complex (Figure 3b). 

Examination of the promoter sequences of the IL6 
(Ray et aU 1988), P-actin (Quitschke et a/., 1989), HIV 
LTR (Nabel et a/., 1988) and HSP 70 (Wu et a/., 1986) 
gene promoters has also identified a combination of 
AP-2, Spl and TBP binding sites. Interestingly, all of 
these promoters are repressed by p53. p53 can also 
repress a separate class of promoters which are TATA- 
less, for example the p53 promoter itself (Bienz- 
Tadmor et 1985; Ginsberg et a/., 1991), and which 
possess GC-rich sequences, containing potential Spl 
and AP-2 binding sites. Our data therefore suggest that 
interference in binding of AP-2, Spl and/or TBP is a 
common mechanism for repression of basal promoter 
activity by p53. Such interactions may well be sufficient 
to explain how p53 is able to repress such a diverse 
collection of both cellular and viral gene promoters. 
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Materials and methods 

Cell culture 

HeLa cells (clone ATCC CCL2) were routinely maintained 
in Minimal Essential Medium (MEM; Gibco BRL, Grand 
Island, New York. USA) containing 0.22% sodium 
bicarbonate and 10% foetal calf serum in a humidified 
atmosphere with 5% CO : at 37°C 

Plasmids 

Plasmids SV 2 CAT (Gorman et al., 1982), CMV neo 
(Braithwaite et al., 1987) containing the Tn5 transposon 
conferring resistance to the neomycin/kanamycin family of 
antibiotics (Southern and Berg, 1982), pEnhancer CAT and 
pPromoter CAT (pCAT-enhancer and pCAT-promoter; 
Promega), CMV Nc9 expressing wild type mouse p53 
(Eiiyahu et al., 1989) and CMV dl 163 expressing a mouse 
p53 mutant deleted between amino acids 13 and 67 
(Jenkins et al., 1985; Braithwaite et al., 1987; Sturbecher 
et al., 1988a) have already been described. CMV dl 163 
expresses a stable protein product in transfected HeLa 
(Jackson et al., 1993) and COS cells (Sturzbecher et a/., 
1988b) to at least wt levels. 

Transfections 

For chloramphenicol acetyl transferase (CAT) assays, 
about 5 x 10 3 HeLa cells were seeded into 90 mm dishes 
and subsequently transfected using a modified calcium 
phosphate method (Chen and Okayama, 1987) with 10 ug 
of reporter and 10 ug of p53-expression plasmid. For gel 
mobility shift assays, about 3 x 10^ cells were seeded into 
75 cm 2 flasks and transfected using the same procedure but 
with 30 ug of expression plasmid and 25 ug of carrier 
DNA. 72 h after transfections, cells were extracted and 
assayed for CAT activity or used in gel shift assays. Details 
of the transfection procedure have been described 
previously (Jackson et al., 1993). 

Polymerase chain reaction (PCR) 

Oligonucleotide R containing the putative p53-response 
element was amplified by PCR using pPromoterCAT as a 
template with a 25 bp 5'primer, 5'GGAGCTTTCAAT- 
TAGTCAGCAACCA-3', a 26 bp 3' primer, 3'- 
GCGGGGTACCGACTGATTGACGTCGG-5' and Taq 
polymerase (Pharmacia) used exactly as described by the 
manufacturer. 


prepared (Schreiber et al., 1989). Once prepared, extracts 
were dialyzed overnight against 500 volumes of 20 mM 
Tris-HCl pH 7.0. 10% glycerol, 1 mM EDTA, 40 mM 
NaCl. 1 mM DTT (TEG). Gel mobility shift assays were 
performed by incubating 40 ug of nuclear extract with 
10 mM Tris-HCl pH 7.5, 100 mM KC1, 5 mM MgCl 2 , 1 mM 
DTT, 12.5% glycerol. 0.1% Triton-X-100 (Borellini and 
Glazer, 1993) and 1 ug of the synthetic polynucleotide 
poly(dI-dC).poly(dI-dC) for 15 min at 20°C. Unless 
otherwise indicated, during this time any competitors 
were also included. Labelled oligonucleotide probe 
(10 000 c.p.m.) was added and the reaction continued for 
a further 15 min. Protein/DNA complexes were then 
resolved on 5% polyacrylamide gels which were fixed in 
10% acetic acid, dried under vacuum at 80°C for 25 min 
and exposed to Kodak XAR-5 film at -70°C. 

When binding reactions were carried-out using purified 
recombinant human AP-2. Spl (both purchased from 
Promega) and p53 (see below), conditions were as described 
above but without cell extract. 

Purification of p53 protein 

Human p53 was purified from £. coli containing pETl9b- 
hup53. A single colony was inoculated into LBamp 
medium overnight and induced in 400 ml of LBamp with 
1.0 mM IPTG at O.D„o of 0.5. The cells were incubated at 
37°C for 3 h and harvested by centrifugation at 8000 g for 
10 min at 4°C The cells were then lysed for 1 h at 4°C in 
6 M guanidinium/HCl. 50 mM Tris-HCl. pH 8.0. The lysate 
was cleared by centrifugation at 12000 g for 20 min at 4°C 
and the supernatant filtered through gauze. The super- 
natant was then incubated overnight with 750 ml of Ni :+ 
Nitrilotriacetic acid (NTA)-agarose equilibrated with the 
guanidinium lysis buffer. The agarose beads were pelleted 
at 1000 g and washed five times with the lysis buffer. The 
beads were then dialysed against p53 buffer (25 mM Tris- 
HCl, pH 8.0, 2 mM EDTA, 10 mM (3-2-Mercaptoethanol, 
0.1% Triton-X-100, 7.5% glycerol and 300 mM NaCI) 
containing I M guanidinium. subsequently 0.1 M guanidi- 
nium and then without guanidinium. Upon transfer to a 
column and washing with five volumes of p53 buffer 
(pH 6.3), 500 ul fractions were eluted with p53 buffer 
pH 5.0 and collected in eppendorfs containing 17 ul of 
500 mM Tris-HCl, pH 8.0. Column fractions were then 
analysed by SDS-PAGE and the purified protein was 
subsequently dialysed against 500 volumes of TEG. 
Aliquots were stored at -70°C. 


CA T assays 

CAT activity was measured as previously described (Sleigh, 
1986) and the details of our procedures have been reported 
previously (Jackson et al., 1993). All assays were normal- 
ised for protein content. 

Gel mobility shift experiments 

HeLa cells transfected as described with CMV neo, CMV 
Nc9 or CMV dl 163. as well as nontransfected controls, 
were incubated for 72 h at 37°C and nuclear extracts 


Acknowledgements 

We thank Donna Cohen for a generous gift of recombinant 
SRY and David Tremethick for reagents and much useful 
advice. Roseanne Hansen is also warmly thanked for her 
intelligent and detailed comments on the manuscript. This 
work was supported in part by a grant from the Australian 
Tobacco Research foundation to AB and PJ. 


References 

Agotf SN, Hou J, Linzer DIH and Wu B. (1903). Science, 
259, 84-87. 

Baker SJ, Markowitz S, Fearon ER, Willson JKV and 
Vogclstcin B. ( 1990). Science. 249, 912-915. 

Burgonctii J, Friedman PN. Kern SE, Vogclstcin B and 
Privcs C. ( IWI). Cell. 65, 1083-1091. 


Bienz-Tadmor B. Zakut-Houri R, Libresco S, Givol D and 

Oren M. (1985). EM BO 4, 3209-3213. 
Borellini F and Glazer RI. ( 1993). J. Biol. Chem.. 268, 7923- 

7928. 

Braithwaite AW. Sturzbecher H-W, Addison C. Palmer C. 
Rudge K and Jenkins JR. ( 19H7). Nature, 329, 458-460. 


Chen C and Okavama M. (19*7). Mat. Cell. Biol. 7, 274V 
2752. 

Chin K-Y. llcda K. Pastan I and Gottcsman M. (1992). 

Science. 255, 459^*62. 
Chiu R. lmagawa M. Imhra RJ. Backovcn JR and Karin M. 

(1987). Nature. 329, 648-651. 
Clarke AR. Purdie CA. Harrison DJ, Morris RG. Bird CC 

Hooper ML and Wyllic AH. ( 1 993). Nature. 362, 849-852. 
Cohen DR. Sinclair AH and McGovern JD. (1994). Proe. 

Natl. Acad. Set. USA. 91, 4372-4376. 
Donchower LA and Bradlev A. (1993). Biochim. Biophvs. 

Acta.. 1155, 181-203. 
Dynan WS and Tjian R. (1983). Cell, 35, 79-97. 
El-Deiry WS. Tokino T, Velculescu VE, Levy DB. Parsons 

R. Trent JM, Lin D, Mercer WE, Kinzler KW and 

Vogelstein B. (1993). Cell. IS, 817-825. 
Eliyahu D. Michalovitz D, Eliyahu S, Pinhasi-Kimhi O and 

Oren M. (1989). Proc. Natl. Acad. Sci. USA. 86, 8763- 

8767. 

Gannon JV. Greaves RG, Iggo R and Lane DP. (1990). 

EM BO J.. % 1595-1602. 
Ginsberg D. Mechta F, Yaniv M and Oren M. (1991). Proc. 

Natl. Acad. Sci. USA. 88, 9979-9983. 
Gorman C. Moffat and Howard BM. (1982). Mol. Cell. Biol., 

2, 1044-1051. 

Harlow E. Crawford LV, Pirn DC and Williamson NM. 

(1981). J. Virol., 39, 861-869. 
Harper JW. Adami GR, Wei N, Keyomarsi K and Elledge 

SJ. (1993). Cell, 75, 805-816. 
Hollstein M, Sidransky D, Vogelstein B and Harris CC. 

(1991) . Science, 253, 49-53. 

Hoppe-Seyler F and Butz K. (1993). J. Virol., 67, 31 1 1-3117. 
Jackson P. Bos E and Braithwaite AW. (1993). Oncogene, 8, 
589-597. 

Jackson P. Ridgway P, Rayner J, Noble J and Braithwaite A. 

(1994). Biochem. Biophvs. Res. Commun., 203, 133-140. 
Jackson P. Shield M, Buskin J, Hawkes S, Reed M, Perrem 

K, Hauschka SD and Braithwaite A. (1995). Gene 

Expression, 5, in press. 
Jenkins JR. Rudge K, Chumakov P and Currie GA. (1985). 

Nature. 317, 816-818. 
Kern SE. Kinzler KW, Bruskin A, Jarosz D, Friedman P, 

Prives C and Vogelstein B. (1991). Science, 252, 1708- 

1711. 

Kley N. Chung RY, Fay S, Loeffler JP and Seizinger BR. 

(1992) . Nucl. Acids Res., 20, 4083-4087. 

Kuerbitz SJ, Plunkett BS, Walsh WV and Kastan MB. 

(1992). Proc. Natl. Acad. Sci. USA, 89, 7491-7495. 
Lane DP. (1992). Nature, 358, 15-16. 
Lehman TA, Bennett WP, Metcalf RA, Welsh JA, Ecker J, 

Modali RV, Ullrich S, Romano JW, Appella E and Testa 

JR. (1991). Cancer Res., 51, 4090-4096. 


Lcvinc A.I. Momaiul .1 and Kinlav CA. (1991) Nature 3^1 
453-456. ' ' 

Lowe SW. Sehmin EM. Smith SW. Osborne BA and Jacks T 

(1993) . Nature. 362, 847-849. 

Mitchell PJ. Wang C and Tjian R. (1987). Cell. 50, 847-861. 
Miyashila T. Masayoshi M. Hanada M and Reed JC. (1994) 

Cancer Res.. 54, 3131 -3 1 35. 
Nabcl GJ. Rice SA, Knipc DM and Baltimore D. (1988). 

Science. 234, 1299-1302. 
Pauly M. Treger M, Westhof E and Chambon P. (1992). 

Nucl. Acids Res.. 20, 975-982. 
Quitschke WW, Lin Z-Y, Deponti-Zilli L and Paterson BM. 

(1989). J. Biol. Chem.. 264, 9539-9546. 
Ragimov N, Krauskopf A, Navot N, Rotter V, Oren M and 

Aloni Y. (1993). Oncogene, 8, 1183-1 193. 
Ray A. Tatter SB, May LT and Sehgal PB. (1988). Proc. 

Natl. Acad. Sci. USA, 85, 6701-6705. 
Santhanum U, Ray A and Sehgal PB. (1991). Proc. Natl. 

Acad. Sci. USA, 88, 7605-7609. 
Scheffner SM, Werness BA, Huibregste JM, Levine AJ and 

Howley PM. (1990). Cell. 63, 1 129-1 136. 
Schreiber E, Matthias P, Muller MM and Schaffner W. 

(1989). Nucl. Acids Res., 17, 6419. 
Seto E, Usheva A, Zambetti GP, Momand J, Horikoshi N, 

Weinmann R, Levine A J and Shenk T. (1992). Proc. Natl. 

Acad. Sci. USA, 89, 12028-12032. 
Shiio Y, Yamamoto T and Yamaguchi N. (1992). Proc. Natl. 

Acad. Sci. USA, 89, 5206-5210. 
Shen Y and Shenk T. (1994). Proc. Natl. Acad. Sci. USA, 91, 

8940-8944. 

Sleigh MJ. (1986). Anal. Biochem., 156, 251-256. 
Southern PJ and Berg PJ. (1982). Molec. Appl. Genet., 1, 
327-341. 

Sturzbecher H-W, Brain R, Maimets T, Addison C, Rudge K 

and Jenkins JR. (1988a). Oncogene, 3, 405-413. 
Sturzbecher H-W, Braithwaite AW, Addison C, Palmer C, 

Rudge K, Lynge-Hansen D and Jenkins JR. (1988b). 

Cancer Cells, 6, 159-163. 
Sturzbecher H-W, Brain R, Addison C, Rudge K, Remm M, 

Grimaldi M, Keenan E and Jenkins JR. (1992). Oncogene, 

7, 1513-1523. 

Subler MA, Martin DW and Deb S. (1992). J. Virol, 66, 
4757-4762. 

Tooze J. (1980). DNA Tumor Viruses, Pt.2, Tooze J. (ed.), 
Cold Spring Harbor Laboratory, New York. 

Truant R, Xiao H, Ingles CJ and Greenblatt J. (1993). J. 
Biol. Chem., 268, 2284-2287. 

Ueda T, Nosaka T, Takahashi JA, Shibata F, Florkiewicz 
RZ, Vogelstein B, Oda Y, Kikuchi H and Hatanaka M. 

(1994) . Proc. Natl. Acad. Sci. USA, 91, 9009-9013. 
Vousden KH. (1993). FASEBJ., 7, 872-879. 

Wu BJ, Kingston RE and Morimoto RI. (1986). Proc. Natl. 
Acad. Sci. USA, 83, 629-633. 


Adenovirus-Medlated p 53 Gene Transfer In Patients 
With Advanced Recurrent Head and Neck Squamous 

Cell Carcinoma 

By Gary L. dayman, Adel K. El-Noggar, Scott M. Lippman, Ying Cha Henderson. Miteheil Frederick, James A. MerriK, 
Louis A. Zumstein, Therese M, Timmons, Ta-Jen Uu, Lawrence Ginsberg, Jack A. Roth, Waun Ki Hong, 

Patricia Bruso, and Hdmutfi Goepfert 


Purpose : Standard therapies of head and neck squa- 
mous cell carcinoma (HNSCC) often cause profound 
morbidity and have not significantly improved survival 
over the last 30 years. Preclinical studies showed that 
adenoviral vector delivery of the w!|d-typ* p53 gene 
reduced rumor growth in mouse xenograft models. Our 
purpose was to ascertain the safety and therapeutic 
potential of adenoviral (A*>p53 in advanced HNSCC 

Patfonrs and Method*: PaHents with (ncurable recur- 
rent rc^aUr^gicWl^ netostatk HNSCC received mul- 
tiple Intratumoral Injections of Ad-p33, either with or 
without tumor resection* Patients were monitored for 
adverse events and antiadenovlral antibodies, tumors 
were monitored for response and p53 expression/ and 
body fluids were analyzed for Acf*p53. 

X*suh$: Tumors of 33 patients were Infected with 
doses of up to 1 x 10" plaque-formfng units (phi). No 
doso-llmlrina toxicity or serious adverse events were 
noted. p53 expression was defected In tumor biopsies 


despite antibody responses after Ad-p53 Infection*. 
Clinical efficacy could be evaluated in \ 7 patients with 
nonreiectable tumors: two patients showed objective 
tumor regressions of greater than 50%, six patients 
Showed stable disease for up to 3.5 month*, and nine 
patients showed progressive disease. One resectable 
patient was considered a complete pathologic re* 
sponse. Ad-p53 was defected in blood and urine in a 
dose-dependent fashion, and in sputum, 

ConoWon ; Patients were safely injected Intratumor* 
alfy with Ad-p53. Objective antitumor activity was de- 
tected in several patient*. The Infectious Ad-p53 In body 
fluids was asymptomatic, and suggests that systemic or 
regional treatment may be tolerable. These results sug- 
gest the further investigation of Ad-p53 as a therapeutic 
agent for patients with HNSCC. 

J Clin Oncol 16:2221-2232. © 199* by American 
Soc/ety of Clinical Ontology. 


SQUAMOUS CELL CARCINOMAS of the head and 
neck (HNSCC) comprise approximately 4% of cancels 
in the United States and cause approximately 2% of all US 
cancer deaths. The principal cause of death among these 
patients is local-regional recurrence. 1 * 2 Standard therapy is 
frequently associated with profound speech, swallowing, 
and cosmetic morbidities. Although treatment advances 
have been made in the last 30 years, little or no survival 
improvement has been obtained. 3 - 4 New strategies are clearly 
needed. 

The p53 tumor-suppressor gene is the most frequently 
mutated gene identified in human cancers, and is mutated in 
a majority of HNSCs. 5 p53 is a multifunctional protein that, 
. among other acti vities t acts as a transcriptional activator and 
repressor, is induced by DNA damage, and interacts with 
proteins involved in DNA replication and repair. 6,7 p53 
appears to have a vital role in the sensing and repair of DNA 
damage, inhibiting the cell cycle to allow DNA repair, or 
inducing apoptosis to eliminate severely damaged cells. 7 

An adenoviral vector system was chosen for a gene 
therapy approach because of the ability to infect many cell 
types, both quiescent and dividing, lack of integration into 
the host genome, high-level transgene expression, ease of 
high titer and large scale manufacture, and the established 
safety of adenovirus vaccines. 8 - 9 The vector used is conv 
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posed of the wild-type p53 gene inserted into a first- 
generation adenoviral backbone (Ad-pS3). 

Preciinical studies with Ad-p53 have stown ihm p63 transduc- 
tion can induce apoptosis and decrease cell proliferation in a 
number of cancer cell lines without adversely affecting normal 
ceils, 10,13 In general, p53 gene therapy is more effective with p53 
mutant cancer cell lines, but it is also active against wild-type p53 
cancer cell lines.™ Ad-pS3 also reduces tumor growth in 
xenograft models of HNSCC and other cancers, 1 *-* In addition, 
Ad-p53 potentiates cytotoxic chemotherapy and radiation therapy 
in model systems. 21,25 

This study was conducted to determine the safety of 
Ad-p53 in patients with advanced, recurrent HNSCC; to 
document possible antitumor activity; and to evaluate nans- 
gene expression, Ad-p53 dissemination, and shedding. The 
potential suitability of direct intratumorai injections of 
Ad-p53 was investigated in patients with advanced disease 
and, in one arm of the study, in a surgical adjuvant setting. 

PATIENTS AND METHODS 

Study Subjects 

Thirry-four patients with advanced recurrent or refractory squamous 
cell carcinoma of the upper aerodlgestive tract (Eastern Cooperative 
Oncology Orotip performance status s 2) were entered onto either the 
resectable or nonresectable arm of the study (Table 1). Patients were 
entered onto the resectable arm if the tumor could be resected for 
debulking, but resection alone posed no chance for a cure. All patients 
were presented in the MD. Anderson MuMdiaciptfnary Head and Neck 
Oncology Planning Conference before they consented to this protocol. 
One pattern withdrew before treatment and was excluded from the 
analysis. Nine women and 24 men. of whom 15 had resectable disease 
and 18 had nonresectable disease, participated in the study. They had a 
mean age of 54 years Crange, 32 to 76 years), and 29 patients were 
white, two patients were black, and two patients were Hispanic. 
Twenty-seven patients had had prior surgery. 32 had received prior 
radiation, and 21 had received salvage chemotherapy (Table {). Patients 
had large tumor burdens, and the vast majority had more thou one 
lesion. Founeen tumors from patients in the resectable arm and 12 
tumors from patients in the nonresectable arm were bidimensionally 
measured by computed tomographic (CT) scan before the date of the 
first dose. The tne&n area of tumors in the resectable arm Was 
13.76 ± 13.01 cm 1 (range, 1.00 to 38*25 cm 3 ; n " 12) and the mean in 
the nonresectable arm was 17.93 ± 16.15 cm 3 (range, 4,84 to 54.60 
cm 3 ; n = 14). The two-sample r test showed no statistically significant 
difference between these two groups with regard to tumor site 
if = .4811). The photograph (Tig 1) shows a t^ical advanced retnirrent- 
disease patient entered onto this trial, and shows che absence of curarivc 
therapeutics available to those protocol patients, 

TUroor p53 gent status, either mutant or wild- type, was not an entry 
requirement but was determined for each patient Alt women of 
childbearing age had negative pregnancy tests, and all padents were 
required to practice contraception while on the study, This protocol was 
reviewed and approved by the Institutional Surveillance Committee of 
the University of Texas M.D. Anderson Cancer Center, the National 
Institutes of Health Recombinant DNA Advisory Committee, and the 
Food and Drug Administration. Informed consent was obtained from all 
patients before entry onto the study. 


Ad-p5S 

Ad-p53, designated as INCN 201, is a replication-defective adenovi- 
rus serotype 5 (Ad5) vector with a p53 cDNA expression cassette that 
replaces the El region of the virus. u Ad-p53 is a biosafety level 2 
(BL-2) agent and was handled with the appropriate or even greater level 
of biologic containment Ad*p53 was produced under Good- Manufactur- 
ing- Practices conditions at Magenta, Inc (now MA Biosciences, Rock- 
vtlle, MD) and scored at - 80°C at conccntranons of 2 to 3.5 X lo'o 
plaque-forming units (pro) per mL in phosphate-buffered saline supple- 
mented with 10* glycerol Administered Ad-p53 was free of replication- 
compctcnt adenovirus at one part in 10* (data not shown). Ad-p53 was 
thawed and diluted in phosphate-buffered saline at 4°C within 2 hours 
of use. 

Patient Treatment and Examination 

Patients were sequentially enrolled ai each dose level, and each 
patient received an assigned dose throughout the study. The dose of 
Ad-p53 was escalated in log increments from I0 6 to 10" pru, and in 
half-log increments from 10 9 to 10" pfu. Three to six patients were 
assigned to each dose level. All patients in the study received Ad-p33 
therapy. 

Each patient received at least one course of Ad-p53 injections. Each 
course consisted of Ad-p53 adrninistraUon three times per week (every 
other day) for 2 weeks for a total of six adniinlstrations. Resectable- 
disease patients received only one full course of injections followed by 
two additional administrations; one during surgery after gross tumor 
removal in the site of microscopic residual disease and one 72 hours 
after surgery through retrograde catheter instillation, Resecteble-disease 
patients were then observed throughout their follow-up, with no 
additional cycles of Ad-p53 administration, Nonreaecmble-disease 
patients underwent a 2-week rest period before the next course of 
Ad-p53 injections. Nowesectable-dlsease patients repeated the Ad-p53 
courses monthly until disease progression or consent was withdrawn, 
for up to seven courses of treatment. Only a single site of disease was 
selected as die indicator lesion, even for patients with multiple sites of 
disease. Because the patients clearly understood the phase I nature of 
this investigation and the primary end points of toxicity and tolerance, 
efforts to inject recurrences were directed at the most accessible* 
assessable, and measurable masses, 

Ad-p53 was injected directly into tumors, either visually or as 
directed by manual palpation, id a total volume of 1.5 to 10 mU which - 
depended on tumor volume. Patients remained under close observation 
for at least 2 hours after each administration. Ad-p53 Injections were 
performed in a hospital room under respiratory and body-secnuion 
isolation during each 2*week cycle, and the medical staff used reverse 
isolation procedures, which Included the use of a HEPA-flltered mask. 
Patients remained under respiratory isolation for the 2-week investiga- 
tion period until n hours after the last injection. Tumors were injected 
with a total volume based on the number of injection sites, which were 
spaced in I -cm increments over the clinically assessed indicator lesion 
Between 0,5 and 1.0 mL of Ad-p53 was delivered to each injection site' 
based on the third dimension (depth) of the mass as determined by 
clinical assessment 

Vital signs, hematology, chest radiography, blood chemistry, and 
performance status were monitored at the beginning of each treatment 
cycle. All adverse events reported during che study were evaluated and 
graded on a scale of 1 to 4. The National Cancer Institute Common 
Toxicity Criteria (NCI-CTC)* were used to determine the grade for all 
toxicity listed on the scale. For adverse events not listed on the 
NCl-CTC. the following system was used: grade 1, mild; grade 2. 
moderate; grade 3. severe; and grade 4, life-threatening. Ad- P 53 
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JThere w„ on!^ sufficient rumor to sequence exon 6; ttwos wild-type. 
#7ne resulting framoshift rod to a stop codon at codon 214. 
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administrations were terminated for disease progression or inability to 
tolerate treatment. To avoid the enrollment of more patients than 
necessary onto the trial if excessive toxicity was found, a Baycsian 
early-stopping rule was included in the study protocol but was not 
implemented. 

Clinical activity was evaluated by CT scan. Only nonresected 
patients were evaluated, by using standard criteria applied to the 
indicator lesion. 

Sequencing ofpSB 

Patient tumor p53 status was dctennined by sequencing exons 5 
through 10 of the p53 gene obtained from tumor cell DNA, DNA was 
isolated from biopsies with a Qiagen Blood and Tissue Kit (Qiagen, 
Santa Clarita, CA) and polymerase chain reaction (PCR) sequencing 
was performed with either the AmpHCycIe sequencing kit (Perkin 
Elmer, Norwalk, CT) or the TliermoSequenase terminator cycle sequenc- 
ing kit (Amersham, Arlington Heights, IL) * This method allowed 
detection of p53 mutations if the biopsy contained 20% or greater of 
tumor cells. 

Ad'p53 Dissemination Assays 

Samples. The presence of Ad-p53 in urine, blood, and upper 
aerodigesbve tract secretions (UATS) was assayed by cytopathic effect 
(CPE) and Ad.p53-specific PCR. Urine samples consisted of a first 
morning void that began with a pretreatmem sample on the first day of 
treatment. Samples were collected daily during hospitalization and less 
regularly after discharge. Plasma was collected from Cell Preparation 
Tubes (Becton-Dickinson, San Jose. CA) within 4 hours of collection 
Serum was obtained by standard methods, UATS consisted of expecto- 
rated sputum or saliva or a saline rinse in patients with xerostomia. 

CPE assay. CPE assays were performed on 293 and A549 cells; 
293 ceils" are permissive for Ad»p53 growth and A549 cells are 
nonpemussive for Ad-p53 growth but permissive for growth of 
replicanon-compcrcnt adenovirus. No assays were positive for A549 
CPE, which showed the lack of replication -competent adenovirus in 
patient samples. Plate* were examined for CPE for up to 9 days 
Standard curves with wild-type Ad5 (on 293 cells; and Ad-pS3 (on 
A549 cells) were run with euch assay. The CPB assay was found to be 
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semiquantitative, with a probable error of plus or minus one order of 
magnitude and a sensitivity of (0 pfu per 0.5-mL sample or less. 
Selected 293 cell-positive CPE superrmtanls were assayed by an 
adenovirus heson enzyme-linked immunosorbent ax*ay (EL1SA) and 
Ad-p53*specific PCR. Within the assay scnahiviiy limits, all supemu- 
tants were positive. u,hich confirmed the identity of Ad-p53 in the 
patient samples. 

Urine sample preparation for CPE assays included one frecze-thaw 
cycle, sterile filtration, and a twofold dilution In DMEM HG (Life 
Technologies, Caithenburg. MD) before overlaying onto cells. After 3(> 
minutes, two volumes of medium were added, and the plates were 
incubated and read as above. Patient plasma was added to 293 and A549 
cells undiluted and unfiltcred and scored as above. UATS samples were 
frozen and thawed, and homogenized vigorously by repeated pipetting 
and vortexing. Samples were diluted 25% to S0<* with phosphate- 
— buffered saline, clarified and Sterilized with a* prcfiUer/membranc 
combination (0.2-nm Serum Aerodisk filter, Gelman Sciences, Ann 
Arbor. MI), added to cells, and scored as above. 

The hexon EUSA (Adenoclone EIA; Meridian Diagnostics. Cincin- 
nati. OH) included controls provided by the manufacturer as well as 
supernatant from 293 cells infected with Ad*p53. 

PCX assay. PCR was used to assay plasma, serum, urine, and 
UATS directly. Extreme precautions were taken tp prevent PCR 
contamination and no evidence of such contamination was encountered 
Senshiviryof the assay was 10* pfu per 0,5-rnL sample. Oligonucleotide 
primers were obtained from Oligos. Etc (Wilsonville. OR). 

Urine samples for PCR were frozen and thawed once, and DNA was 
isolated with the QlAamp HCV Kit (Qiagen). The QiAamp Tissue Kit 
was used to isolate DN A from 293 CPB supematams. Primers consisted 
of 5 ' -TAGAGCCAAACTCAGCGCGG-3 ' and 5'-ATCCGTGGGCGT- 
GAGCCCTO'. The PCR product was selected to cross a p53 open- 
reading-frajne/adenoviraJ DNA junction specific for Ad-p53. 

T^o different blood fractions were assayed for Ad-p53. In the 
original protocol, serum was tested (patients 1 to 25). However, blood 
fractionation studies performed during the course of this trial showed 
enhanced sensitivity wiih plasma (data not shown). For patients 25 to 
2$, both plasma and serum were assayed. After showing equivalent 
results with the two assays, the remaining samples (patients 29 to 34) 
were assayed by using only plasma. 

Pbr PCR on serum samples. DNA was isolated with either a QlAamp 
Blood Kit and PCR-amplified as described above for urine, or a 
modification of the protocol of Cunningham et aP end amplified with 
primer* 5-CACTGCCCAACAACACCA-3' and 5'<3CCACGCCCA- 
CACATTT3. Hie PCR product was selected oo cross a p53 open- 
reatfn^frame/adenovlral DN A junction specific for Ad-p53. 

Hasina samples far PCR were frozen and thawed and hcroc^eruzed 
vigorously by repea*d pipetting and vortewng, DNA was extracted (QlAamp 
Blood Kit) and PCR-amplified as described above for urine PCR. 

UATS samples for PCR were frozen and thawed, homogenized 
vigorously by repeated pipetting and vortexing, and DNA was extracted 
with the QlAamp Tissue Kit and PCR.ampUAcd as described above for 
urine PCR. 

XevcrsewstrifHase POL The presence of p53 transgene mRNA 
in puuent biopsies was detected by reverse-trenscriptasc (RT>PCR 
Ibtal RNA was isolated with TRJ reagent (Molecular Research' 
Cincinnati, OH) from pre- and posttreatmem flash-frozen biopsies the' 
RNA was then DNAsc [-treated and reverse transcribed (Superscript 
RNAse H-RT and random hexainer primers (Life Technologies! ). and 
the resulting DNA amplified by PCR by using primers specific to 

^A^ A (S'-GGTGCATTGGAACGCGGATTand 5'*GGGGA» 
CAGAACGTTOTTTTC), Identity of the PCR products was confirmed 
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by Souihcm blot hybridization, 2h Positive controls for glyceraldehydc- 
phosphale dehydrogenase (GAP0H) mRNA and negative controls 
(blanks, minus KT) gnvc the expected results (data not shown). 

Anii-AdS Antibody Assays 

Serum samples were tested for anti-AdS immunoglobulin C by 
Virolab, Inc (Berkeley, CA) by an indirect immunofluorescence away. 29 

Histology 

Hematoxylin-and-eosin stained slides from each biopsy were pre- 
pared and evaluated for histologic grade, extent of viable tumor and 
necrosis, and the presence of inflammatory cell infiltrates. 

Immunohistochernical staining (IHC) for pS3 was performed on 
formalin-fixed, paraffin-embedded tissue sections by DO- 1 antibody 
(Oncogene Science, Uniondale, NY) with an avidin»biot2n-pero*idase 
complex method. 30 Scoring was accomplished by counting positive 
nuclear staining in 100 to 200 tumor cells in 10 consecutive high-power 
fields. Specimens were scored for the percentage of cells that expressed 
p53. All slides were coded, evaluated, and scored in a blinded fashion. 
Samples with 20% or greater of tumor cells that showed positive 
staining were defined as IHC-positive, 

RESULTS 

Treatment and Safety 

A nonrandomized, phase I, dose-escalation study was 
conducted to ascertain che safety of Ad-p53 in resectable and 
nonresectable HNSCC patients. Efficacy and biodistribution 
were also monitored. Doses ranged from 10 6 to 10 n pfu, 
with six to 42 doses of Ad-p53 administered per patient over 
a course of 2 weeks to 6^ months. A total of 429 doses of 
Ad-p53 were administered, with a maximum total-dose per 
patient of 3 X 10 l2 pfu. 

The multiple courses of direct intratumorai injections of 
Ad-p53 were well tolerated. Neither dose-limiting effects of 
Ad-p53 injection nor serious adverse events related to the 
study treatment occurred. Injection sice pain was the most 
common adverse event and occurred in 19 patients, but it did 
not correlate with dose or anatomic site of injection. Other 
Ad-p53-related adverse events that occurred three or more 
times were seen primarily at doses of JO 10 pfu or greater (14 
of 17 events) and consisted of transient fever, headache, 
pain, and edema. Injection site pain and headache resolved 
within 24 hours, fever within 48 hours, and edema within 4 
days- There was mild erythema at the site of injection with 
doses of 3 X 10 9 pfu or greater, which did not alter treatment 
schedules. No evidence of systemic hypersensitivity or 
allergic reaction was seen despite patients who received as 
many as seven monthly courses at 10 9 pfu, six courses at 
10'° pfu, or four courses at 10 11 pfu. Peri- and postoperative 
administration of Ad-p53 had no adverse effect on wound 
healing (data not shown). 

Because health care providers were potentially exposed to 
Ad-p53 during injections, the two providers with the great- 
est risk of exposure were tested. Serum collected after more 


than 75% of the doses had been administered showed low 
levels of an(i-Ad5 antibody and a lack of infectious Ad-p53 
or Ad-p53 DNA. The level of antibody determined in sera 
from health care providers was within the range of all 
pretreatment scrum values determined for all patients in the 
study. Urine also contained no infectious Ad-p53 or Ad-p53 
DNA. These findings suggest no significant exposure of 
health care providers to Ad-p53 during this study. 

Patient pS3 Mutational Status 

Patient p53 mutational status was determined both by 
sequencing of genomic DNA (e*ons 5 through 10) and by 
IHC Generally, wild-type p5 3 protein 15 was present at 
very low levels that were undetectable by IHC, whereas 
mutant p53 protein 15 was present at much higher levels and 
can be detected by IHC. 31 Overall, 58% of patients were p53 
mutant as determined by IHC and 48% were p53 mutant as 
determined by sequencing (Table 1). Agreement was ob- 
served between IHC and sequencing in 71% of the patients 
who could be evaluated Patient 14 showed a mutation that 
ted to a truncated p53 protein that could not be detected by 
IHC. 

Clinical Results 

Ad-p53 administration resulted in objective tumor regres- 
sions (Table 1) in some refractory- or recurrent-disease 
patients despite large tumor burdens. Of the 1 7 nonresectable- 
disease patients, two showed a greater than 50% reduction in 
the indicator lesion by CT scan, six showed stable disease, 
and nine progressed. The two patients who showed the 
greatest activity received doses of 10 10 and 10" pfu (Figs 2 
and 3), The duration of clinical activity was 7 weeks in one 
patient and was documented for 18 days in the second 
patient, at which point the patient withdrew from the study 
and was lost to follow-up. The duration of stable disease in 
six patients was 1 to 3.5 months. Several nonresectable* 
disease patients showed tumor progression in nonindicator 
lesions, which caused morbidity and removal from the study. 

Resectable-disease patients were not considered assess- 
able for antitumor activity because of removal of the 
indicator lesion. However, patient 5 (treated with six doses 
of 10 7 pfu) showed a complete pathologic response in that no 
viable tumor was found in the completely resected speci- 
men. At the time of pathologic evaluation, the tumor mass 
had been replaced by liquifactive necrosis. This patient 
remains disease free at 26 months from study entry. Resected- 
discase patient 10 also showed no evidence of disease at 24 
months from study entry. At the time of this publication, six 
of the 15 resected-disease patients have died, which in- 
cluded one non-cancer- related death. 


60 


66. IZ Nflf t?Td t>90 


DIin3dbcJ3Hl NBEJOcJiNI 


A 


2226 



• 8 P?^ nfn » a fn«9«* (Want and ofmr 6 doses of 10") 
m mam* 23, wlrti rectifier MNSCC and frfwous h^imandiWociomy 
and Rap retontttbchon, (A) Prefream**, postoperative aWrkm and 
•rthartang hjmor in th« Wf condylar fol3a/subtomporat ngton (dot). (B) 
PotftTBOfmonl, > 50% turner reduction (dot). ^ 1 * W 


The median survival time for all treated patients was 267 
days and for all resectuble-disease patients was 408 days. 
Median survival time for the nonresectable^disease patients 
was 127 days, which w U s consistent with other reported 
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phase I and II studies of advanced recurrent head and neck 
cancer. 1 - 4 - 52 Of the 18 nonresectable-disease patients. 15 
have died. However, death docs not necessarily reflect 
progression of the lesions injected with Ad-p53 because 
progression also occurred at untreated sites. 

Ad*p53 Transduction 

Expression of the p53 transgene (Table 2) was detected by 
RT-PCR from patients 10 and 13 from biopsy samples taken 
at 4 and 48 hours after treatment, respectively (Fig 4), In 
contrast, biopsies from patients 5 and 8 at 1 hour after 
Ad-p53 delivery were negative, Tissues collected from 
non-Ad-p53-injected sites were used as controls. The posi- 
- rive biopsy sample from patient 13 was taken 67 days after 
the start of Ad-p53 injections (and 48 hours after the last 
Injection) and showed transgene expression long after the 
development of a strong antibody response to Ad5, No 
transgene mRNA was detected in pretrcatment biopsy 
samples or in non-Ad^p53-injected tumor samples (data not 
shown). 

p53 IHC analysis was complicated by the large proportion 
or patients (52%) with high-positive (> 50% of cells) 
pretreatment values for p53. In a subset of 12 patients with 
pretreatmeru p53 values of 50% or less, three patients 
showed increased p53 protein expression after treatment. 
Figure 5 shows an increase in p53 IHC staining 48 hours 
after the last Ad-p53 injections compared with the prestudy 
biopsy sample. 

Immune Response 

All patients injected with doses greater than 10 7 pfu 
showed an increase in antiadenovinis type 5 antibody. All 
increases were manifested by 4 weeks, although a more 
limited sampling suggested the increase occurred by 1 week. 
The largest increase in titer was 2,048-fold greater than the 
prestudy levels. Antibody Induction level did not correlate 
with Ad-p53 dose or course of treatment (data not shown). 

BiodistHbution 

Ad-p53 DNA was detected in blood in a dose-dependent 
manner, as assayed by PCR (Table 3). Using this method. 
Ad.p53 DNA was present in blood by 30 minutes after 
Ad-p53 injections and was absent by 48 hours (data not 
shown). CPE data from four patients treated at 3 x io to and 
1011 showed viable Ad-p53 present at the highest levels 
30 minutes after injections, a decrease of two to four orders 
of magnitude by 90 minutes, a further decrease to a very low 
or undetectable titer by 24 hours, and an absence by 48 hours 
after injections. 

Infectious Ad-p53 was detected in urine from some 
patients who received doses of 3 X 10 9 pfu or greater and 
was present in urine from all patients who received doses of 
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3 X lO'o pft, or greater (Tabic 3). Ad-p53 was generally 
detected within I day of the beginning of Ad^p53 injections 
and was present throughout cycles. A representative ex- 
ample of the time course of Ad-p53 in urine during treatment 
is shown in Fig 6. The highest titer detected in urine was 10 6 
pfu per 0.5 ml*. Urine was free of Ad-p53 within 3 to 17 days 
of the last Ad-p53 injection. 

Ad-p53 was also detected in sputum and/or saliva samples 
of the si* high-dose patients tested (patients 28 through 34, 
who all received 10 11 pfu). The highest titer found was \0* 
pfu per 0.5 mL. As with urine samples, Ad-p53 was 
generally detected within 1 day of the first injection of 
Ad-p53 and was present throughout each cycle. Ad-p53 was 
usually present for several days after the last injection of 
■Ad-p53 and was cleared to background levels within 7 days. 
The time-course profiles were similar to those found for 
urine. 
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DISCUSSION 

After Ad-p53 administration to patients with HNSCC. the 
primary consideration in this phase I clinical study was 
patient safety. Adverse events reported in the study were 
typical of this patient population. No untoward incidents or 
trends were noted, and no serious adverse events related to 
injection of Ad-p53 were detected. Thus, up to 3 X 10 12 pfij 
of Ad-p53 could be administered without serious side 
effects. This level is believed to be the highest dose of 
adenoviral vector to be delivered to patients to date. A 
maximum-tolerated dose was not defined in this trial be- 
cause the maximum dose of I X 10 11 pfii led to no clinically 
significant side effects. 

Pain at injection site was the most common treatment- 
related adverse event, and is believed to be related to the 
injection of ice-cold Ad-p53 solution. Recent stability 
studies indicate that chilling Ad-p53 on ice until immedi- 
ately before injection is not necessary. An increase in the 
temperature of the injected Ad-p53 could minimize this pain 
in future studies. 

Ad-p53 administration led to objective antitumor activity 
in some patients. Of the 17 nonresectable-disease patients 
two showed a greater than 50% reduction of the indicator 
lesion, and six showed stable disease at the indicator lesion. 
Although reseccable-discase patients could not be formally 
characterized for response, patient 5 had a complete patho- 
logic response and remains disease free at 26 months. 
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Patient 10 remains alive with no evidence of disease at 24 
months. Only six deaths (one non-cancer related) have 
occurred among the 15 patients with resected disease. These 
responses are even more impressive given the large tumor 
burdens carried by most of the patients (example in Fig I ). In 
the nonrcsectable-disease patients, the Kaplan-Meier me- 
dian survival time was 127 days, consistent with other phase 
I and phase II studies of advanced recurrent head and neck 
cancer. 1 - 4 The median survival for resectable-disease pa- 
tients was 408 days, or 13.6 months, and the overall median 
survival was 267 days t which is about 60% longer than that 
reported in chemotherapy trials with a similar patient 
profile. 32 Although preliminary and uncontrolled, it is be- 
lieved that these are encouraging data that could support 
evaluation of Ad-p53 in the treatment of HNSCC. These 
results are also in agreement with a previous study that 
showed that restoration of wild-type p53 expression by a 
retroviral vector in non~smalI-<ell lung cancer could medi- 
ate tumor regression. 33 The design of the study does not 
allow us to conclude that the observed clinical activity was 
specifically a result of vector and transgene induction. 
Patients with indicator lesion regression of 50% or more 


were discordant for p53 status as assayed by DNA sequenc- 
ing and IHC analysis (Table 1). However, the tumors of the 
three patients with stable disease were wild-type for p53 as 
shown by both assays. In addition, patient 5, who underwent 
a complete histologic response and is alive with no evidence 
of disease at 26 months after the start of treatment, is p53 
wild^type by both sequencing and IHC. These data strongly 
suggest chat Ad-p53 can exert a significant antitumor efFect 
on HNSCC tumors regardless of the p53 status of the 
tumors. 

The simplest explanation for the observed responses to 
Ad-p53 is that p53 expression kills tumor cells. However, 
given previous studies on the spread of adenovirus after 
incratumoral injection 54 and the large sizes of the tumors in 
this study, one might expect a minority of tumor cells to be 
infected by Ad-p53. In considering other effects of Ad-p53 
on the tumor, one possibility is that p53 expression may be 
exerting an antiangiogenic effect. Evidence that wild-type 
p53 decreases the expression of angiogenic factors and 
increases the expression of antiangiogenic factors has been 
presented."- 37 Another possibility is that the adenoviral 
vector triggers an immune response that might adversely 
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affeci the tumor. In addition. El -deleted, replication-defective 
adenoviruses can in fact replicate co some extent if the multiplies 
try of infection is high enough. 58 Because Ad-p53 was injected 
directly into tumors, the possibility of a high multiplicity of 
infection cannot be excluded Local AcVp53 replication could 
have several effects, which include direct killing of cells and 
enhancement of the host immune response. 

RT-PCR showed the ability of Ad-p53 to infect tumor 
cells and induce expression of p53 mRNA (Fig 4). Trans- 
gene mRNA was detected in samples collected 4 and 48 
hours after the last injection, but not in two samples 
collected I hour after treatment. This lack of signal in the 
1-hour samples could be because of insufficient time for 
expression, the lower dose administered to patients in the 
1-hour samples, or sample variation (sec below). Interest- 
ingly, the transgenc mRNA expression detected 48 hours 
after the last injection occurred 67 days from the start of 
treatment. By this rime, a strong antibody response to adenovirus 
had occurred (Table 2). which led to the conclusion that a 
strong humoral immune response does not prevent transgenc 
expression from intratumoral injection of Ad-p53. 

One example of IHC that showed increased p53 expres- 
sion after treatment is shown in Fig 5. Biopsies from three 
patients with low pretreatment pS3 IHC showed increased 
p53 IHC after Ad-p53 injection. Several explanations are 
possible for the sporadic nature of the detection of increased 
p53 IHC after Ad-p53 injection. First, Ad-p53-infected 
tumor cells thai undergo apoptosis are no longer present and 
cannot be evaluated for IHC signal. Biopsies for IHC were 
performed 3 days after the last injection, but recent data (not 
shown) suggest that earlier sampling may have detected p53 
expression before cell death. Second, necrotic areas that 
appeared in some tumors after treatment were avoided 
during biopsy and histopathologic analysis. If necrotic areas 
*ere caused by Ad-p53. the biopsy procedure would be 
biased so as to underrepresent p53 IHC. Third, the large 
mature of the tumors made sampling of tumors in close 
proximity to sices of Ad-p53 injection difficult. 
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The p53 mutation spectrum in the population of treated 
patients was found to be consistent with earlier studies.- 34 
Most tumor samples (71%) analyzed tor p53 status showed 
agreement between detection of mutations by partial ge- 
nomic sequencing and IHC. This degree of concordance was 
also consistent with other reports. 40 The subset of patient 
biopsy specimens for which IHC and DNA sequencing 
disagreed may be because of die inability of sequencing 
technologies to detect a low percentage of tumor DNA in 
biopsy samples, mutations outside of exons 5 through 10, 39 
accumulation of wild-type p53 because of MDM2 overex- 
pression,* 1 and p53 mutant proteins that do not show 
increased stability, 4 * As evidence of the first possibility, 
when a tumor sample from patient 23 was screened with a 
more sensitive sequencing method (OncorMed, Gaitherv 
burg, MO), a mutation was indeed detected in exon 8. 

The data presented from ihis study indicate much more 
extensive biodistribution and dissemination than had previ- 
ously been detected. The appearance of Ad-p53 in blood was 
relatively constant and appeared in almost every patient 30 
to 90 minutes after injection at doses greater than IO 9 pfu. 
Infectious vector had not previously been detected in patient 
blood after the administration of up to 2 X 10 9 pfu to nasal 
and/or bronchial epithelia. 43 ' 44 a dose level that caused 
detectable vector in blood in this study (Table 3). 

Wild-type Ad5 had been reported to be present in urine in 
rare cases of acute infections in severely immunocompro- 
mised patients. 45 However, the substantial levels and dura- 
tion of excretion of the replication-defective Ad-p53 in urine 
were remarkable. The consistent detection of Ad-p53 in 
urine at doses of 3 x 10 9 pfu or greater is in contrast to other 
studies 43 - 44 * that did not detect vector in urine after 
administration of up to 2 x io 10 pfu. Detection of Ad-p53 in 
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blood and urine in this study may be because of more 
sensitive detection methods, more facile dissemination from 
tumoral injection sites compared with the nasal/bronchial 
administration route used by others, or the low number of 
patients treated at high doses in other studies. 

The presence of Ad-p53 in UATS samples is not surpris- 
ing for patients whose tumors intrude into the oral cavity or 
upper airway, particularly for those patients in whom the 
tumor was injected through the oral cavity or airway. 
However, several of the tumors were not contiguous with the 
airway, which suggests that Ad-p53 can gain access to the 
airway indirectly through systemic and probably blood- 
borne biodistribution. 

The fluctuations in urine and UATS Ad-p53 levels during 
courses of Ad»p53 treatment and the large variation in the 
amount of time necessary to return to baseline after Ad-p53 
administration (1 to 17 days) may be because of heterogene- 
ity in tumor location and size. Also, the urine and UATS 
samples were heterogeneous in that the urine samples were 
first morning voids and not full 24-hour collections and the 
UATS samples were either sputum, saliva, or oral cavity 
wash, which depended on the patient, 

As expected, almost all patients developed anii-Ad5 
antibodies over the course of treatment. This response did 
not seem to be deleterious to the patients. In addition, the 
patient immune response did not block transduction and 
expression of the p53 transgene. Numerous animal studies 
with replication-defective adenovirus have shown decreased 
transgene expression as a result of an immune response. 
Furthermore, these studies suggested a total lack of transduc- 
tion as a result of repeated doses that were also believed to 
be because of an immune response* 47 -* 8 

The patient immune response also did not prevent the 
appearance of Ad-p53 in blood, urine, and UATS (Fig 6, data 
not shown). Whereas it is known that patients may shed 
wild-type adenovirus for many months after an infection and 
in the presence of a humoral immune response, 45 * 49 it was 
originally hypothesized that dissemination would be af- 
fected at least to some effect by an immune response. 
However, the previous studies involved intravenous 
administration of adenoviral vectors in mice, which may not 
be relevant to this study. First, intratumoral injection may 
differ substantially from systemic administration. Bramson 
et al 50 recently showed efficient transgene expression after 
administration of an adenoviral vector by intratumoral 
injection in mice previously immunized with Ad5. Therefore, 
tumors may represent immunologic sanctuaries. Second, the 
use of mice as a model organism may be problematic, because 
the biologic activity of adenovirus in humans and mice is 
very different in that mice are not permissive for Ad5 
replication. 51 


The promising results noted in this study suggest that 
Ad-p53 may show activity in patients with HNSCC; there- 
fore, further study is needed and is underway. Established 
patient benefit is not clearly or routinely evident. Possible 
applications are nevertheless attractive. Brennan et al 52 used 
a sensitive PCR-bascd assay to detect tumor-specific p53 
mutations in resected tumor margins from patients whose 
tumor margins were histopathologically free from residual 
tumor. They found thai patients with molecular evidence of 
tumor cells (as detected by tumor-specific p53 mutations) 
have a higher likelihood of recurrence and mortality. Posi- 
tive RT-PCR results that showed transduction in margins 
after surgery in this study (patient 10; Table 2) give direct 
evidence that surgical intervention may allow gene transfer 
into surgical sites of microscopic tumor. Given that peri- and 
postoperative administration of Ad-p53 had no adverse 
effect on wound healing, this approach may be valuable as 
adjuvant therapy in areas of microscopic residual disease at 
tumor margins to prevent recurrence and avoid further 
surgical ablation of normal tissue. The impact of gene 
transfer strategies additionally requires significant develop- 
ment in delivery methods that can effectively and efficiently 
distribute the vector to other lesions, mucosa, and potential 
microscopic disease sites. 

Other possible future directions for Ad-pS3 gene therapy 
include combination therapy with radiation or cytotoxic 
agents, as suggested by the enhanced antitumoral effects of 
combination treatments in preclinical models. 21 ' 23 Also, the 
identification of p53 mutations in head and neck premalig- 
nancies 53 suggests that this approach may be therapeutic in 
severely dysplastic preinvasive lesions of this region. 
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AMENDMENTS 


In the Claims : 

Please cancel claims 33-35, 69-72, 104-107, 133-136, 140, 141, 144 and 145 and amend 
the remaining claims as indicated below: 

1. (Three times amended) A method of inhibiting growth of a p53-positive tumor cell in a 
[mammlian] mammalian subject with a solid tumor comprising the steps of : 

(a) providing a viral expression construct comprising a promoter functional in 
eukaryotic cells and a polynucleotide encoding a functional p53 polypeptide, 
wherein said polynucleotide is positioned sense to and under the control of said 
promoter; and 

(b) directly administering said viral expression construct to said tumor in vivo, the 
administration resulting in expression of said functional p53 polypeptide in cells 
of said tumor and inhibition of tumor cell growth, 

wherein said tumor comprises cells that express a functional p53 polypeptide. 

14. (Amended) The method of claim 11, wherein the amount of adenovirus [administered] in 
each [contacting] administration is between about 10 and 10 pftL 
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64. (Amended) The method of claim 61, wherein said DNA damaging agent is contacted 
[contacting] before and after resection. 

109. (Twice amended) A method of inhibiting tumor cell growth in a mammalian subject 
having a solid tumor comprising the step of continuously perfusing a tumor site in said 
patient with a viral expression construct comprising a promoter functional in eukaryotic 
cells and a polynucleotide encoding a functional p53 polypeptide, wherein said 
polynucleotide is positioned sense to and under the control of said promoter, the 
administration resulting in expression of said functional p53 polypeptide in cells of said 
tumor and inhibition of their growth. 

REMARKS 

Appellant is resubmitting the amendments filed with their previous response. The only 
alteration is the elimination of an amendment to claim 109 inserting the term "catheter." The 
examiner refused entry of the amendment on the ground that introduction of the term "catheter" 
would require a new search. Thus, it is believed that the revised amendment should be 
acceptable as it merely cancels claims and makes minor wording changes to several other claims. 
No new matter is added by the amendment, no new search is required, and no new issues are 
raised thereby. 
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Should Examiner Hauda have any questions regarding this amendment, she is invited to 
contact the undersigned at the telephone number listed below. 


Date: 


Arnold, White & Durkee 
P.O. Box 4433 
Houston, TX 
512-418-3000 



Hy submitted, 


Highlander 
o. 37,642 
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SUMMARY OF PENDING CLAIMS 


1. (Three times amended) A method of inhibiting growth of a p53-positive tumor cell in a 
[mammlian] mammalian subject with a solid tumor comprising the steps of : 

(a) providing a viral expression construct comprising a promoter functional in 
eukaryotic cells and a polynucleotide encoding a functional p53 polypeptide, 
wherein said polynucleotide is positioned sense to and under the control of said 
promoter; and 

(b) directly administering said viral expression construct to said tumor in v/vo, the 
administration resulting in expression of said functional p53 polypeptide in cells 
of said tumor and inhibition of tumor cell growth, 

wherein said tumor comprises cells that express a functional p53 polypeptide. 

2. The method of claim 1, wherein said tumor is selected from the group consisting of a 
carcinoma, a glioma, a sarcoma, and a melanoma. 

3 . The method of claim 1 , wherein said tumor cell is malignant. 

4. The method of claim 1 , wherein said tumor cell is benign. 

5. The method of claim 1, wherein said tumor is a tumor of the lung, skin, prostate, liver, 
testes, bone, brain, colon, pancreas, head and neck, stomach, ovary, breast or bladder. 

6. The method of claim 1, wherein said viral expression construct is selected from the group 
consisting of a retroviral vector, an adenoviral vector and an adeno-associated viral 
vector. 

7. The method of claim 6, wherein said viral vector is a replication-deficient adenoviral vector. 

8. The method of claim 7, wherein said replication-deficient adenoviral vector is lacking at 
least a portion of the El -region. 

9. The method of claim 8, wherein said promoter is a CMV IE promoter. 

1 0. The method of claim 1 , wherein said subject is a human. 

1 1 . The method of claim 7, wherein the expression vector is administered to said tumor at least 
a second time. 

12. The method of claim 11, wherein said tumor is resected following at least a second 
administration, and an additional administration is effected subsequent to said resection. 
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13. The method of claim 1, wherein said expression vector is administered in a volume of about 
3 ml. to about 10 ml. 

14. (Amended) The method of claim 11, wherein the amount of adenovirus [administered] in 
each [contacting] administration is between about 10 7 and 10 12 pfu. 

16. The method of claim 1, wherein the expression construct is injected into a natural or 
artificial body cavity. 

17. The method of claim 16, wherein said injection comprises continuous perfusion of said 
natural or artificial body cavity. 

18. The method of claim 16, wherein said contacting is via injection into an artificial body 
cavity resulting from tumor excision. 

19. The method of claim 1, wherein the /?53-encoding polynucleotide is tagged so that 
expression of p53 from said expression vector can be detected. 

20. The method of claim 19, wherein the tag is a continuous epitope. 

26. The method of claim 1, wherein said tumor is contacted with said expression construct at 
least twice. 

27. The method of claim 26, wherein said multiple injections comprise about 0.1-0.5 ml 
volumes spaced about 1 cm apart. 

28. The method of claim 1, further comprising contacting said tumor with a DNA damaging 
agent. 

29. The method of claim 28, wherein said DNA damaging agent is a radiotherapeutic agent. 

30. The method of claim 29, wherein said radiotherapeutic agent is selected from the group 
consisting of y-irradiation, x-irradiation, uv-irradiation and microwaves. 

3 1 . The method of claim 28, wherein said DNA damaging agent is a chemotherapeutic agent. 

32. The method of claim 31, wherein said chemotherapeutic agent is selected from the group 
consisting of adriamycin, 5-fluorouracil, etoposide, camptothecin, actinomycin-D, 
mitomycin C, verapamil, doxorubicin, podophyllotoxin and cisplatin. 

33. (Canceled) The method of claim 1, further comprising contacting said tumor with a 
cytokine. 

34. (Canceled) The method of claim 1, further comprising contacting said tumor with a second 
therapeutic gene other than a gene encoding a p53 polypeptide. 

6 
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35. (Canceled) The method of claim 34, wherein said second therapeutic gene is selected from 
the group consisting of a Dp gene, p21, pl6, p27, E 2 F, Rb, APC, DC, NF-1, NF-2, WT-1, 
MEN-I, MEN-II, BRCA1, VHL, FCC, MCC, ras, myc, neu, raf y erb, src.finsjun, trk, ret, 
gsp, hst 9 bcU abU Bax, Bcl-X s and El A. 

36. The method of claim 1, wherein said tumor is located into a body cavity selected from the 
group consisting of the mouth, pharynx, esophagus, larynx, trachea, pleural cavity, 
peritoneal cavity, bladder interior and colon lumen. 

37. The method of claim 11, wherein said tumor is contacted with said expression construct at 
least six times within a two week treatment regimen. 

38. A method for inhibiting microscopic residual tumor cell growth in a mammalian subject 
comprising the steps of: 

(a) identifying a mammalian subject having a resectable tumor: 

(b) resecting said tumor; and 

(c) administering to a tumor bed revealed by resection a viral expression construct 
comprising a promoter functional in eukaryotic cells and a polynucleotide 
encoding a functional p53 polypeptide, wherein said polynucleotide is positioned 
sense to and under the control of said promoter, the administration resulting in 
expression of said functional p53 polypeptide in said tumor cells and inhibition of 
their growth. 

39. The method of claim 38, wherein said resectable tumor is a squamous cell carcinoma. 

40. The method of claim 38, wherein the endogenous p53 of said resectable tumor is mutated. 

41 . The method of claim 38, wherein the endogenous p53 of said resectable tumor is wild-type. 

42. The method of claim 38, wherein said tumor is a tumor of the lung, skin, prostate, liver, 
testes, bone, brain, colon, pancreas, head and neck, stomach, ovary, breast or bladder. 

43. The method of claim 38, wherein said viral expression construct is selected from the 
group consisting of a retroviral vector, an adenoviral vector and an adeno-associated viral 
vector. 

44. The method of claim 43, wherein said adenoviral vector is a replication-deficient adenoviral 
vector. 

45. The method of claim 44, wherein said replication-deficient adenoviral vector is lacking at 
least a portion of the El -region. 
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46. The method of claim 38, wherein said promoter is a CMV IE promoter. 

47. The method of claim 38, wherein the resulting tumor bed is contacted with said expression 
construct at least twice. 

48. The method of claim 38, wherein said expression construct is contacted with said tumor bed 
prior to closing of the incision. 

49. The method of claim 44, wherein said the tumor bed is contacted with from about 10 6 to 
about 10 9 infectious adenoviral particles. 

50. The method of claim 47, further comprising contacting said tumor with said expression 
construct prior to resecting said tumor. 

5 1 . The method of claim 50, wherein said tumor is injected with said expression construct. 

52. The method of claim 51, wherein said tumor is injected with about 10 6 to about 10 9 
infectious adenoviral particles. 

53. The method of claim 51, wherein said tumor is injected with a total of about 1 ml to about 
10 ml. 

54. The method of claim 5 1 , wherein said tumor is injected at least twice. 

55. The method of claim 54, wherein each of said injections comprise about 0.1 ml to about 0.5 
ml volumes spaced about 1 cm apart. 

56. The method of claim 38, wherein the resulting tumor bed is contacted with said expression 
construct through a catheter. 

57. The method of claim 54, wherein said contacting comprises about 10 6 to about 10 9 
infectious adenoviral particles. 

58. The method of claim 54, wherein said expression construct is contacted with said tumor in 
total of about 3 ml to about 10 ml. 1 

59. The method of claim 38, wherein the p53 polynucleotide is tagged so that expression of a 
p53 polypeptide can be detected. 

60. The method of claim 59, wherein the tag is a continuous epitope. 

61. The method of claim 38, further comprising contacting said tumor with a DNA damaging 
agent. 

62. The method of claim 61 , wherein said DNA damaging agent is contacted before resection. 
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63. The method of claim 61, wherein said DNA damaging agent is contacted after resection. 

64. (Amended) The method of claim 61, wherein said DNA damaging agent is contacted 
[contacting] before and after resection. 

65 . The method of claim 6 1 , wherein said DNA damaging agent is a radiotherapeutic agent. 

66. The method of claim 65, wherein said radiotherapeutic agent is selected from the group 
consisting of y-irradiation, x-irradiation, uv-irradiation and microwaves. 

67. The method of claim 6 1 , wherein said DNA damaging agent is a chemotherapeutic agent. 

68. The method of claim 67, wherein said chemotherapeutic agent is selected from the group 
consisting of adriamycin, 5-fluorouracil, etoposide, camptothecin, actinomycin-D, 
mitomycin C, verapamil, doxorubicin, podophyllotoxin and cisplatin. 

69. (Canceled) The method of claim 38, further comprising contacting said tumor with a 
cytokine. 

70. (Canceled) The method of claim 69, wherein said cytokine is selected from the group 
consisting of IL-lct, IL-lp, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-1 1, IL- 
12, IL-13, TGF-p, GM-CSF, M-CSF, TNFa, TNFp, LAF, TCGF, BCGF, TRF, BAF, BDG, 
MP, LIF, OSM, IMF, PDGF, IFN-a, IFN-p and IFN-y. 

7 1 . (Canceled) The method of claim 38, further comprising contacting said tumor with a second 
therapeutic gene other than a gene encoding a p53 polypeptide. 

72. (Canceled) The method of claim 71 , wherein said second therapeutic gene is selected from 
the group consisting of a Dp gene, p21, pl6, p27, E 2 F, Rb, APC, DC, NF-1, NF-2, WT-1, 
MEN-I, MEN-II, BRCA1, VHL, FCC, MCC, ras, myc, neu, raf, erb, src,ftnsjun, trk, ret, 
gsp, hst, bcl, abl, Bax, Bcl-X s and El A. 

73. The method of claim 38, wherein said tumor is located into a body cavity selected from the 
group consisting of the mouth, pharynx, esophagus, larynx, trachea, pleural cavity, 
peritoneal cavity, bladder interior and colon lumen. 

74. A method for inhibiting growth of a p53-positive tumor cell in a mammalian subject 
having a solid tumor comprising the steps of: 

(a) surgically revealing said tumor; and 

(b) directly administering to said tumor a viral expression construct comprising a 
promoter functional in eukaryotic cells and a polynucleotide encoding a 
functional p53 polypeptide, wherein said polynucleotide is positioned sense to 
and under the control of said promoter, the administration resulting in 
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expression of said functional p53 polypeptide in said tumor cells and inhibition of 
their growth. 

75. The method of claim 74, wherein said tumor is malignant. 

76. The method of claim 74, wherein said tumor is a squamous cell carcinoma. 

77. The method of claim 74, wherein said tumor is benign. 

80. The method of claim 74, wherein said tumor is a tumor of the lung, skin, prostate, liver, 
testes, bone, brain, colon, pancreas, head and neck, stomach, ovary, breast or bladder. 

81. The method of claim 74, wherein said viral expression construct is selected from the 
group consisting of a retroviral vector, an adenoviral vector and an adeno-associated viral 
vector. 

82. The method of claim 81, wherein said adenoviral vector is a replication-deficient adenoviral 
vector. 

83. The method of claim 82, wherein said replication-deficient adenoviral vector is lacking at 
least a portion of the El -region. 

84. The method of claim 74, wherein said promoter is a CMV IE promoter. 

85. The method of claim 74, wherein said tumor is contacted with said expression construct at 
least twice. 

86. The method of claim 74, wherein said expression construct is contacted with said tumor 
prior to close of the incision. 

87. The method of claim 82, wherein said tumor is contacted with from about 10 6 to about 10 9 
infectious adenoviral particles. 

88. The method of claim 74, wherein said tumor is contacted with said expression construct in a 
total of about 1 ml to about 10 ml. 

89. The method of claim 74, wherein said tumor is injected at least twice. 

90. The method of claim 89, wherein each of said injections comprise about 0.1 ml to about 0.5 
ml volumes spaced about 1 cm apart. 

91. The method of claim 74, wherein said tumor is contacted with said expression construct 
through a catheter. 

92. The method of claim 91, wherein said tumor is contacted with about 10 6 to about 10 9 
infectious adenoviral particles. 

10 
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93. The method of claim 91, wherein said tumor is contacted with an expression construct in a 
total of about 3 ml to about 10 ml. 

94. The method of claim 74, wherein the p53 polynucleotide is tagged so that expression of a 
p53 polypeptide can be detected. 

95. The method of claim 94, wherein the tag is a continuous epitope. 

96. The method of claim 74, further comprising contacting said tumor with a DNA damaging 
agent. 

97. The method of claim 96, wherein said DNA damaging agent is contacted with said tumor 
before resection. 

98. The method of claim 96, wherein said DNA damaging agent is contacted with said tumor 
after resection. 

99. The method of claim 96, wherein DNA damaging agent is contacted with said tumor before 
and after resection. 

100. The method of claim 96, wherein said DNA damaging agent is a radiotherapeutic agent. 

101. The method of claim 100, wherein said radiotherapeutic agent is selected from the group 
consisting of y-irradiation, x-irradiation, uv-irradiation and microwaves. 

102. The method of claim 96, wherein said DNA damaging agent is a chemotherapeutic agent 

103. The method of claim 102, wherein said chemotherapeutic agent is selected from the group 
consisting of adriamycin, 5-fluorouracil, etoposide, camptothecin, actinomycin-D, 
mitomycin C, verapamil, doxorubicin, podophyllotoxin and cisplatin. 

104. (Canceled) The method of claim 74, further comprising contacting said tumor with a 
cytokine. 

105. (Canceled) The method of claim 104, wherein said cytokine is selected from the group 
consisting of IL-l<x, IL-lp, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-1 1, IL- 
12, IL-13, TGF-p, GM-CSF, M-CSF, TNFct, TNFp, LAF, TCGF, BCGF, TRF, BAF, BDG, 
MP, LIF, OSM, TMF, PDGF, IFN-a, IFN-p, and IFN-y. 

1 06. (Canceled) The method of claim 74, further comprising contacting said tumor with a second 
therapeutic gene other than a gene encoding a p53 polypeptide. 

107. (Canceled) The method of claim 106, wherein said second therapeutic gene is selected from 
the group consisting of a Dp gene, p21, pl6, p27, E 2 F, Rb, APC, DC, NF-1, NF-2, WT-1, 
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MEN-I, MEN-II, BRCA1, VHL, FCC, MCC, ras, myc, neu, rqf, erb, sre,jmsjun 9 trk, ret, 
gsp, hst, bcU abl, Bax, Bcl-X s and El A. 

108. The method of claim 74, wherein said tumor is located in a body cavity selected from the 
group consisting of the mouth, pharynx, esophagus, larynx, trachea, pleural cavity, 
peritoneal cavity, bladder interior and colon lumen. 

109. (Twice amended) A method of inhibiting tumor cell growth in a mammalian subject 
having a solid tumor comprising the step of continuously perfusing a tumor site in said 
patient with a viral expression construct comprising a promoter functional in eukaryotic 
cells and a polynucleotide encoding a fiinctional p53 polypeptide, wherein said 
polynucleotide is positioned sense to and under the control of said promoter, the 
administration resulting in expression of said functional p53 polypeptide in cells of said 
tumor and inhibition of their growth. 

1 1 0. The method of claim 1 09, wherein said tumor is malignant. 

111. The method of claim 1 09, wherein said tumor is a squamous cell carcinoma. 

1 1 2. The method of claim 1 09, wherein said tumor is benign. 

113. The method of claim 109, wherein the endogenous p53 of said tumor is mutated. 

1 14. The method of claim 109, wherein the endogenous p53 of said tumor is wild-type. 

115. The method of claim 109, wherein said tumor is a tumor of the lung, skin, prostate, liver, 
testes, bone, brain, colon, pancreas, head and neck, stomach, ovary, breast or bladder. 

116. The method of claim 116, wherein said viral expression construct is selected from the 
group consisting of a retroviral vector, an adenoviral vector and an adeno-associated viral 
vector. 

117. The method of claim 116, wherein said adenoviral vector is a replication-deficient 
adenoviral vector. 

118. The method of claim 1 17, wherein said replication-deficient adenoviral vector is lacking at 
least a portion of the El -region. 

1 19. The method of claim 109, wherein said promoter is a CMV IE promoter. 

1 20. The method of claim 1 09, wherein said tumor site is perfused from about one to two hours. 

121. The method of claim 1 09, wherein said subject is a human. 

122. The method of claim 109, wherein said tumor site is contacted with said expression vector 
through a catheter. 
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123. The method of claim 109, wherein the p53 polynucleotide is tagged so that expression of a 
p53 polypeptide can be detected. 

124. The method of claim 123, wherein the tag is a continuous epitope. 

125. The method of claim 109, further comprising contacting said tumor with a DNA damaging 
agent. 

126. The method of claim 125, wherein said tumor site is contacted with said DNA damaging 
agent before resection. 

127. The method of claim 125, wherein said tumor site is contacted with said DNA damaging 
agent after resection. 

128. The method of claim 125, wherein said tumor site is contacted with said DNA damaging 
agent before and after resection. 

129. The method of claim 125, wherein said DNA damaging agent is a radiotherapeutic agent. 

130. The method of claim 129, wherein said radiotherapeutic agent is selected from the group 
consisting of y-irradiation, x-irradiation, uv-irradiation and microwaves. 

131. The method of claim 1 25, wherein said DNA damaging agent is a chemotherapeutic agent. 

132. The method of claim 131, wherein said chemotherapeutic agent is selected from the group 
consisting of adriamycin, 5-fluorouracil, etoposide, camptothecin, actinomycin-D, 
mitomycin C, verapamil, doxorubicin, podophyllotoxin and cisplatin. 

133. (Canceled) The method of claim 109, further comprising contacting said tumor with a 
cytokine. 

134. (Canceled) The method of claim 133, wherein said cytokine is selected from the group 
consisting of IL-la, IL-lp, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-1 1, IL- 
12, IL-13, TGF-p, GM-CSF, M-CSF, TNFa, TNFp, LAF, TCGF, BCGF, TRF, BAF, BDG, 
MP, LIF, OSM, IMF, PDGF, IFN-a, IFN-p, and IFN-y. 

135. (Canceled) The method of claim 74, further comprising contacting said tumor with a second 
therapeutic gene other than a gene encoding a p53 polypeptide. 

136. (Canceled) The method of claim 135, wherein said second therapeutic gene is selected from 
the group consisting of a Dp gene, p21, pl6, p27, E 2 F, Rb, APC, DC, NF-1, NF-2, WT-1, 
MEN-I, MEN-II, BRCA1, VHL, FCC, MCC, ras, myc, neu, raf, erb, src^finsjun, trk, ret, 
gsp, hst, bcl, abl y Bax, Bcl-X s and El A. 
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137. The method of claim 109, wherein said tumor is located intn * , 

group consisting of the mouth oharZ ~? , abody - Cavity se,ected from *e 
peritoneal cavity, bladder interior and colon lumen ' ar Y t ^ 9 trachea, pleural cavity, 

138. The method of Cairn ,, wherein said exptession vector is ^ ^.^ 

»9. The method of data ,, wherein said expression vector is administered intratumoraliv . 
140 ' mCth0d ° f chta - expression vector is administered 

.41. (Cancdedmememodofciaim wherein said expression vec tOT is administered* 
141 The memod of ciaim 74, wherein said expression vector is administered topica.lv. 
.43. The method of data 74, wherein said expression vector is administered intratumoraHy. 

lU ' ""*° d ° f ° laim 74 - Wherein — n vector is administered 

145. (Cj^w, ^ met „ od of cla . m ?4> whereh ^ Mpression ^ ^ 
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